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Foreword to applications of
multifunctional nanomaterials

What multifunctional nanomaterials
can do for future technologies

Nanomaterials are not new any longer.
They have infiltrated all fields of technology
and penetrated our daily life, as they are
widely used in devices ranging from mobile
phones and computers to cars that we drive
and medicines that we take. This means that
they have become practically useful and
important. Nanomaterials are nanoscale
building blocks that provide new properties
and enable new technologies. Many mate-
rials change their properties at the nanoscale.
For example, thin metal films become trans-
parent, keeping their conductivity. Nano-
scale gold particles may have different
colors, depending on their size. Electrons are
confined in nanoparticles, giving rise to
quantum effects. Medicine uses nanosized
particles that can penetrate cellular mem-
branes. Much of the biology occurs at the
nanometer scale. Water purification is done
by nanomaterials having a large specific
surface area. Some of those are new, some
are very old. For example, activated carbon
(charcoal) is known from ancient time, but
we now understand that it works as a good
sorbent because of nanometer and even
subnanometer pores in carbon particles, and
we have learned how to control the size of
those pores to accommodate molecules of
different sizes. However, to move beyond
the currently available technologies, we need
better materials, we need new materials, and
we need materials that can perform more

than one function, so known multifunctional
nanomaterials. The examples include struc-
tural batteries that can transform the body of
a car into an energy storage device elimi-
nating the need for a large battery in the
trunk or under the car. On the opposite size
of the length scale are theranostic (therapeutic
and diagnostic) nanoparticles capable of car-
rying a drug and its targeted delivery to the
required location in the body. Those nano-
particles can perform additional functions
like being fluorescent to enable their tracking
and transform light to heat to destroy tumors.
Building multiple functionalities into nano-
materials opens new horizons for medical
and many other technologies.

What do we expect from the future
nanomaterials? It is, first of all, precise con-
trol over the size, composition, structure, and
properties. Nano is not so much about the
size as it is about nanoscale control of ma-
terials that allows us to finely tune their
properties. Moreover, the goal is often to
achieve new and unusual properties that are
not available in conventional bulk materials.
If one nanomaterial cannot have all the
required properties and perform multiple
functions, nanomaterials are combined to
form hybrid materials (e.g., catalytic metal or
oxide particles supported on electrically
conductive and mechanically strong gra-
phene or nanotubes) or nanocomposites
(e.g., conducting nanoparticles in a dielectric
polymer matrix).

We already have many nanoparticles/
nanostructures to choose from. Zero-
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dimensional nanoparticles include fuller-
enes, metal and ceramic nanopowders, and
colloidal metal, ceramic, and organic parti-
cles, such as proteins. One-dimensional
nanostructures include DNA, carbon and
other nanotubes, nanofibers, and nanowires.
Two-dimensional (2D) structures, with gra-
phene being the leader, are probably
currently the fastest expanding group, as
many new and previously unknown 2D
materials, such as silicene, germanene, bor-
ophene, and MXenes (2D carbides and ni-
trides of transition metals), have been
discovered. However, they also include
many well-known materials such as boron
nitride, transition metal dichalcogenides,
and oxides/hydroxides, including clays,
which are receiving renewed attention. 2D
materials attract attention not only because
of a variety of useful properties but also
because they are easy to assemble into
continuous films and coatings. Moreover, 2D
sheets with very different properties
(metallic, dielectric, semiconducting, etc.)
can be combined into hybrids, like bricks in a
wall or Lego stones, producing new multi-
functional materials with almost any imag-
inable combination of compositions and
properties. As long as we have a sufficient
variety of those building blocks, we can
build anything we need. This drives search
for new 2D materials with different proper-
ties that can add to the existing variety. New
technologies, such as wearable and flexible
electronics, and Internet of Things lead to an
increasing demand for solution processable
and printable nanoparticles and can be used
to manufacture flexible, multifunctional
nanomaterials.

This book covers many classes of multi-
functional nanomaterials. For example, it
discusses the use of magnetic nanoparticles
for electromagnetic interference shielding.
With increasing number of transmitting de-
vices around us, we need better protection
from electromagnetic noise that they create.
It talks about application of nanoparticles in
health care. Nanoparticles on face masks and
other surfaces can kill viruses, like COVID-
19, and bacteria. Hydroxyapatite and some
other nanoparticles can promote bone
growth. Many advances in biomedical field
have been achieved due to use of nano-
particles for imaging. Those are new syn-
thetic nanoparticles. However, there is
plenty of room for inexpensive natural
nanoparticles, like clays, for use in animal
nutrition, agriculture, water purification,
environmental technologies, and also struc-
tural polymer nanocomposites. Again, the
key to their proper use is understanding and
control of properties, such as the size and
degree of exfoliation of two-dimensional clay
nanosheets. Having this wealth of multi-
functional nanomaterials for a variety of
applications collected in one book should
help readers navigate this large, important,
and quickly expanding field.

Yury Gogotsi, Ph.D., D.Sc., Dr.h.c.
Charles T. and Ruth M. Bach,

Distinguished University Professor
Director, A.J. Drexel Nanomaterials

Institute
Drexel University, Philadelphia,

Pennsylvania, USA
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1. Applications of multifunctional nanomaterials: an overview

The distinct and exceptional physicochemical properties exhibited by nanomaterials have
contributed to its significant advancements in nanoparticle systems capable of providing the
necessary functionalities. The chapter briefly describes new avenues opened up by nanoma-
terials for various applications.1e3 The present chapter provides an overview of promising
applications of nanomaterials and their role for next generation futuristic applications. It is
quite evident that there is a great prospect for engineered hybrid nanomaterials in all fields
like physics, chemistry, biomedicine,3 sensor, energy,4e6 engineering,7,8 optics,9 and indus-
trial applications.10

Multifunctional nanomaterials are of increased interest in various industrial applications.
This book highlights the revolutionary applications made possible by nanoparticles in fields
of energy devices, energy generation and storage,10 electromagnetic interference shielding,11

biomedicine,12,13 environment remediation,14 photcatalysis,14 and industrial applications.15

The role of nanomaterials in the fight against COVID is highlighted in the book. Various
biomedical16e23 applications like nanoparticles as drug delivery agents, oral health care
and in agricultural field are also emphasized. Hybrid nanomaterials for electromechanical ap-
plications, electrochemical sensing, photocatalytic applications, fuel cell applications, and
environmental remediation24 are also discussed.
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The book chapters highlighting the diverse applications of nanomaterials can be intro-
duced as follows. The book is specifically divided into different sections which deal with ap-
plications of different applications of diverse classes of nanomaterials like magnetic
nanoferrites, carbon-based nanomaterials, bionanomaterials, polymer nanocomposites, etc.
The book chapters are introduced briefly as follows. Part I of the book, dealing with Chapters
2e9, gives a description of various energy applications of nanomaterials exploiting magnetic
nanomaterials, multiferroics, and also carbon nanomaterials. Part II of the book, dealing with
Chapters 10e14, focuses on various industrial applications of nanomaterials like electrome-
chanical applications, photodetection, etc. Part III of the book dealing with Chapters 15e18
gives emphasis to the nanoparticles in health care. Part IV of the book dealing from Chapters
19e29 describing the biomedical applications of nanomaterials illuminates the role of bio-
nanomaterials in bioimaging, cell labeling, therapeutic, diagnostic applications and also
nano minerals, in animal nutrition. Part V of the book divided into Chapters 30e32 describes
environmental applications of nanomaterials. A brief schematic of the different applications
of nanomaterials described in the book is illustrated in Fig. 1.1.

Chapter 2 entitled “Nanoferrites for electromagnetic shielding applications” discusses the
appealing potential of ferrites in shielding electromagnetic waves. This chapter comprehen-
sively describe the various types of ferrites that have been popularly used over the past
decade as well as the modifications made to them to extend the electromagnetic wave shield-
ing properties over a wider frequency window.

FIGURE 1.1 Applications of multifunctional nanomaterials.
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Chapter 3 entitled “Rare earth doped BiFeO3 multiferroic system: optical, dielectric and
magnetoelectric coupling applications” describes the dielectric, optical, and magnetoelectric
coupling properties of Bismuth ferrite multiferroic system. Rare earth doping enhances the
dielectric properties and the magneto electric coupling coefficient of the system and indicates
its potential applications in spintronics and ferroelectric nonvolatile memory applications.

Chapter 4 entitled “Carbon nanostructures for energy generation and storage” highlights
the exceptional prospects of carbon-based nanomaterials in the field of clean energy genera-
tion and storage technologies. Significant emphasis is given in the chapter to hydrogen pro-
duction through water splitting, fuel cells, giving focus to direct methanol fuel cells and
enzymatic fuel cells and supercapacitors.

Chapter 5 entitled “Nano engineering diatoms in microfluidic lab on chip devices” dis-
cusses a technology to upscale sun-based fuel generation and separation from living
microalgal cells. The chapter describes the development of efficient, economical and sensitive
nano-engineered diatom microfluidic devices that keep a check on dead cells and bacterial
contamination, permitting only high lipid containing diatoms to grow and multiply thus
keeping them in living state.

Chapter 6 entitled “Nano composite membrane for direct methanol fuel cell” exemplifies
the current status of research and the role played by nanocomposite polymer electrolyte
membrane for performance of direct methanol fuel cells.

Chapter 7 entitled “Elastomeric foam for energy applications: Energy devices” describes
the improved properties of polymer foams, production pathways and applications in the en-
ergy sector. A brief overview of different types of elastomeric foams for energy application
and energy devices are highlighted in the chapter.

Chapter 8 entitled “Nanocellulose-based polymer composites for energy applications” il-
lustrates nanocellulose as an ideal architecture block for connecting with a variety of capac-
itive energy storage substrates. The chapter highlights the impressive characteristics and
applications of cellulose-modified composite materials and carbon materials used as indepen-
dent element for high-performance sodium ion capacitors or sodium ion batteries.

Chapter 9 entitled “Advances in functionalized Polyaniline nanocomposites for electro-
chemical sensing and energy storage applications” presents a brief overview of developments
in Polyaniline-based nanocomposites for energy storage, conversion devices as well as other
electrochemical applications. The development of nanocomposites of functionalized polyani-
line with carbon nanotube, metal organic framework, and transition metal oxide composites
in the development of clean energy storage devices, particularly supercapacitors are also dis-
cussed in the chapter.

Chapter 10 entitled “Multifunctional hydroxylapatite nanofillers for fine-tuning of elas-
tomer characteristics” focuses on the characteristics of nanoreinforcements and the impor-
tance of fine tuning the properties of some elastomeric matrices. The chapter highlights the
role of hydroxylapatite nanoparticles in modulating the mechanical, dielectric, viscoelastic
properties, and in vitro biocompatibility of elastomers.

Chapter 11 entitled “Emerging applications of nanofluids” describes the applications of
nanofluids on enhanced heat transfer and design of cooling requirements in Electronics
industry. It focuses on emerging applications of nanofluids including, industrial cooling,
oil recovery, machining process, improving natural gas storage, and others including sensor
fabrication.
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Chapter 12 titled “Promising inorganic nanomaterials for future generation” deals with
different kinds of inorganic nanomaterials such as metallic, inorganic nanomaterials, nonme-
tallic inorganic nanomaterials, carbon-based nanomaterials, nanopolymers, dendrimers,
quantum dots, magnetic nanomaterials, composite inorganic nanomaterials, ceramic-based
nanomaterials, and other recently developed nanomaterials having great prospects for versa-
tile applications in future. The chapter describes the prospects of these inorganic nanomate-
rials in radiotherapy, chemotherapy sensitization, biomedical, and other industrial
applications.

Chapter 13 entitled “Two-dimensional layered materials for efficient photodetection” de-
scribes utilization of Transition metal dichalcogenides as ideal candidates for photodetection
over conventional silicon-based technology. The effectiveness of MoS2-based thin-film photo-
detectors in photodetection and also the efficacy of the Pulsed Laser Deposition in realizing
MoS2-based thin-film heterostructure photodetectors are analyzed in the chapter.

Chapter 14 entitled “Electromechanical application of magnetite nanomaterials blended
with single-walled carbon nanotubes” addresses the nanotechnology applications in electro-
mechanical components. The synthesis and development of physically stable, thermally
robust, and environmentally friendly nanosheets using nanopowder of iron oxide and
single-walled carbon nanotubes for electromechanical component applications like trans-
formers, inductors, bobbins, etc. are highlighted in the chapter.

Chapter 15 titled “Nanoparticles as drug delivery agents for managing diabetic retinop-
athy” describes the applications of nanoparticles in ocular delivery and to prevent progres-
sion of diabetic retinopathy. The chapter also discusses various strategies to deliver
nanoparticle-based drugs and their toxic effects. This chapter highlights current treatment
strategies of diabetic retinopathy using nanotechnology and also to formulate nano-based
therapeutics that will be helpful in the future.

Chapter 16 entitled “Stimuli responsive self-assembled nanocarriers based on amphiphilic
block copolymers for cancer therapy” describes stimuli-driven ABCP-based self-assembled
nanostructures, which recognize changes in external or internal environment that trigger
the release of the payload, thus, conducting on-demand release behavior. Special emphasis
is given to polymersomes and the recent advances in their biomedical applications in the
treatment of cancer.

Chapter 17 entitled “Nanoparticles in oral health care: clinical insights and future perspec-
tives” provides a comprehensive overview of the application of nanoparticles in advanced
dental materials, drugs, and techniques that are currently exploited for prevention and treat-
ment of ailments such as dental caries, periodontal disease, dentinal hypersensitivity, tooth
discoloration, maxillofacial prosthesis, oral cancer, etc.

Chapter 18 entitled “Nanosuspension based Intra-nasal, or Intra-oral Nebulizer spray with
phytopharmaceuticals: challenging fight against COVID-19” discusses the profound antimi-
crobial activity of nanosuspension of phytopharmaceuticals like curcumin, piperine, sinigrin,
etc. on inhibiting the infection of SARS, influenza, and coronavirus.

Chapter 19 entitled “Bio-nanomaterials and applications” application of nanomaterials in
medicine, treatment of diseases, effective drug delivery, and other clinical applications. The
chapter emphasizes the unique properties like surface plasmon resonance exhibited by
metallic nanoparticles which makes them applicable as markers for the optical detection of
bio-molecules.
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Chapter 20 entitled “Can bio-nanotechnology be effective against multi-drug resistant
(MDR) pathogens?” describes nanoparticles as the most promising tools to curb antibiotic
resistant bacteria, which do not allow bacteria to acquire resistance. The chapter highlights
the potential of silver nanoparticles as the most effective nanomaterial against multidrug
resistant bacteria.

Chapter 21 entitled “Nanomaterials in bioimaging and cell labeling” summarizes the prog-
ress in nanoparticle-based cell labeling which has emerged as an important aspect of disease
diagnostics and therapeutics for efficient labeling of stem, immune, and cancer cells and as
dyes to facilitate tracking of tissue-specific cells.

Chapter 22 entitled “Biological prospects and potential of nanoparticles in animal nutri-
tion” briefly describes the potential of nanoparticles, their activity, and significance in animal
applications. The use of nanominerals for enhancing the bioavailability of the mineral feed
supplements in the livestock industry is highlighted in the chapter.

Chapter 23 entitled “Use of lectin-functionalized and lectin-targeted nanomaterials for
multiple therapeutic applications” addresses the biotechnological potential of lectin-based
nanoparticles in the pharmaceutical applications, diagnosis, and therapeutic effect and other
innovative biomedical applications, highlighting recent advances in this emerging field.

Chapter 24 entitled “Construction and application of bionanomaterials” briefs the role of
smart, functional nanomaterials and nonobots that provide an adaptable platform in
exploring several chronic illnesses and other therapeutic applications in a more noninvasive
route.

Chapter 25 entitled “Medical device associated-biofilm eradication strategies: use of multi-
functional nanomaterials” illuminates the potential of multi-functional nanomaterials to
prevent bacterial adhesion, interfere bacterial colonization, and mediate drug delivery to
eradicate bacterial biofilm aggregates relevant to medical devices and clinical settings.

Chapter 26 entitled “Bionanofiber-reinforced transparent nanocomposites for future appli-
cations” describes the preparation, properties, and potential applications of transparent nano-
composites reinforced by bio-derived nanocelluloses, nanochitins, and their nanostructured
mesoporous microfibers/microparticles. The prospects of these bio-based, transparent,
light-weight, strong and flexible, nanocomposites as substrates and structural windows for
photonics, optoelectronics, vehicles, and buildings are described in the chapter.

Chapter 27 entitled “Nano-biomaterials for therapeutic and diagnostic applications” fo-
cuses on the potential biomedical applications of metal and metal oxide nanoparticles in
treating infections and targeted drug delivery systems. It also describes the functionalization
of these nanoparticles to be used as nanovaccines for cancer immunotherapy.

Chapter 28 entitled “Polymeric nanoparticles for biomedical applications” describes the
drug delivery and therapeutic applications of nanomaterials. The chapter highlights the
recent advancements in Curcumin loaded PLGA nanoformulations that are attractive candi-
dates for tumor targeted therapy and imaging. The functional properties exhibited by the
nanoformulations toward different cancer types are also highlighted.

Chapter 29 entitled “Bio-nanomaterials application for best utility in agricultural and med-
ical field” describes the different nanotechnology approaches for sustainable agriculture for
better yield and productivity of crops, and also development of biosensors for pollutant
detection in biological bodies.
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Chapter 30 entitled “Enhanced co-catalysis of bimetallic nanostructures for catalytic and
photocatalytic applications” explains the catalytic/photocatalytic applications of bimetallic
core-shell nanostructure and TiO2 nanocomposites for degradation, hydrogenation, oxida-
tion, and reduction in important industrial compounds.

Chapter 31 entitled “Nanomaterials incorporated electrospun membranes for membrane
distillation” illuminates the role of engineered nanoparticles in nanofibrous membranes
developed by electrospinning process for membrane distillation process. Nanoparticle coated
membranes, membranes with nanoparticles incorporated into the matrix, and membranes
with surface modifications through functionalization are all being explored to improve mem-
brane hydrophobicity.

Chapter 32 entitled “Applications of multifunctional carbon-based silver nanocomposites
for environmental remediation” reports the effectiveness of multifunctional silver loaded acti-
vated carbon composite, with higher surface area and temperature stability in comparison
with the nascent carbon, to remove organic pollutants like dyes and pharmaceuticals through
a simple adsorption process. Silver loading on activated carbon has been observed to be a
suitable way to prepare multifunctional adsorbent material for effective water purification,
as discussed in the chapter.

2. Conclusion

This chapter is a short reflection of multifunctional efficiency of nanomaterials that are
currently evolving as next generation nanobots, memory or energy devices or even nanocar-
riers for drug delivery. Herein this chapter, we highlight using various illustrations the multi-
functional applications of nanomaterials. It has been clearly illustrated by the energy,
industrial, environmental, biomedical implications, and the agro-technological revolution
brought about by the unique properties of nanomaterials. The major scientific impacts offered
by nanomaterials, one-dimensional nanofibres, and 2D materials are illustrated in the book.
The significant impact of nanomaterials in health care is also explored in the book, in this sce-
nario when the world is under the threat of the lethal Corona virus, and the development of
nanovaccines for treatment has become an acute necessity.
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1. Introduction

In present times, mankind is dependent on various electronic equipment for their day to
day activities. Since the discovery of the capabilities of electromagnetic (EM) waves, they
have found potential use in various fields such as military application, communication, med-
ical devices, etc., to name a few. Presently, there is a great demand to miniaturize electronic
devices which is why researchers are working in the small wavelength microwave frequency
region. However, with the growing use of these devices, there is an increase in unwanted and
stray EM radiations in the ambient environment, creating EM pollution, which is proven to
seriously impact the working of other nearby electronic devices by EM coupling and cross-
talk. Therefore, current research 54321`is being focused on the development of EM shields
which can protect electronic devices from stray EM waves.1

According to the classical theory of electromagnetic induction by faraday, changing the
electric field can generate a magnetic field or vice-versa. Thus, from the theory, the energy
of the incoming EM waves can be absorbed by incorporating conducting, magnetic or dielec-
tric material which can either reflect or absorb the incoming EM waves.2 In the beginning,
metallic shields were used predominantly due to their excellent conductivity since the free
electron cloud in metals reflects incoming EM waves. This was not desirable since the re-
flected wave can always interfere with some other unshielded device or component. Mag-
netic metals were the other alternatives to conducting metallic reflectors; however, their
shielding efficiency was quite limited to low frequencies (<1 GHz) since their permeability
drops to unity at such high frequencies as the magnetic dipoles cannot keep up with the
rapidly changing field direction at higher frequencies hence ceasing to produce any signifi-
cant losses. This was when the research was diverted to the more versatile magnetic nanofer-
rites which when incorporated in a suitable matrix shields EM waves through more than just
one mechanism.3e6
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Ferrites are generally referred to as oxides of iron which show magnetic properties and
hence are widely used for electromagnetic damping. These ferrites can be classified as spinel
ferrites, garnets, hexagonal ferrites, and ortho ferrites depending on their crystal structure.7,8

Their properties mainly depend upon their synthesis method,9 nature of dopant,10 and con-
centration of doping11 which in turn results in changes in the microwave absorption proper-
ties of the ferrite.

1.1 Mechanism of EMI shielding

EM waves consist of two different components: electric and magnetic components. These
components interact in different ways with different types of materials, resulting in loss of
EM wave’senergy. Below are the various ways in which EM waves can interact with different
materials.

1.1.1 Losses in conducting materials

In conductors, major losses occur due to two factors. Firstly, under the influence of the
alternating electric field, the electrons are forced to oscillate which results in the EM energy
loss. Also, due to the magnetic field, there is a movement of electrons in response to the
applied field which results in eddy currents and leads to the generation of a counter magnetic
field such that it cancels the applied magnetic field.12 These losses are more prominent at
higher frequencies.

1.1.2 Losses in dielectric materials

In dielectric material, major losses are due to the interaction between dipoles and electric
vector. These dipoles start orienting in the direction of the alternating electric field. In the mi-
crowave frequency region, these dipoles are unable to cope with the rapidly changing field
thus, causing dissipation of energy. Also, in a quest to align according to the alternating field,
these dipoles collide with each other causing dissipation of EM energy in the form of heat.13

1.1.3 Losses in magnetic materials

Losses in a magnetic material are majorly in low-frequency range as their permeability de-
creases at high frequency as discussed earlier. At higher frequencies, major losses are due to
hysteresis, which occurs due to the irreversible rotation of magnetic dipoles in the presence of
the alternating external field. In lower frequencies, the majority of losses are due to domain
wall resonance which occurs due to the movement of domain wall under the influence of the
alternating magnetic field.14,15

Magnetic losses from magnetic metals like Fe, Ni, or Co and magnetic oxides like Ferrites,
gadolinium oxide (Gd2O3) etc., arise from various factors including hysteresis losses, domain
wall losses, natural resonance, eddy current losses and exchange resonance. Additionally,
defective crystal structure causes polarization losses as discussed earlier. However, at high
frequencies, magnetic losses such as hysteresis losses and domain wall losses do not
contribute toward the overall shielding performance. However, natural resonance
(at < 10 GHz), eddy current losses and exchange resonance (>10 GHz) do play a predomi-
nant role in absorption.16e23 Magnetic eddy current plays a crucial role in causing magnetic
loss, which is inevitable especially at high frequencies. Induced currents are formed in an
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alternating EM field, which forms a closed loop inside the magnetic particle. The magnetic
eddy current is characterized as m“(m0) �2f�1. Generally, the value of m”(m0)�2f�1 is constant
in investigated frequency range, indicating that magnetic eddy currents dominates magnetic
loss. However, if the value of m”(m0)�2f�1 changes with frequency, it demonstrates that there
are other magnetic loss mechanisms which dominate in the system.24e27

In the case of ferrites, their efficiency at high-frequency decreases due to a decrease in their
permeability as governed by Snoek’s limit.28 Therefore, these ferrites are often coupled with
different conducting or dielectric materials to enhance their performance in the microwave
range. Researchers have mainly explored graphene oxide (GO) as a template for growing
such ferrites and dispersing them in the polymeric matrix.22 Also, conducting nanoparticles
like MWCNT (Multiwalled Carbon Nanotube) are one of the most explored conducting filler
due to their high aspect ratio and excellent electrical conductivity.29 Doping ferrites with other
elements is another technique that has beenwidely used to extend its shielding bandwidth.We
have discussed the role of various types of ferrites and their hybrid heterostructureswith carbo-
naceous fillers as well as with conducting polymers for EMI shielding in this chapter.

2. Spinel ferrites for EMI shielding

Spinel ferrites have the formula PFe2O4, whereby the tetrahedral and octahedral interstitial
sites are designated as P (divalent metal ions like Cu, Co, Mn, Ni, Zn, Fe). They are charac-
terized by large magnetic losses and semiconducting property.7

2.1 Ferric and ferrous oxides

Among the oxides of iron, magnetite (Fe3O4) and Fe2O3 are the most comprehensively
investigated because of their ease of synthesis, high chemical stability, low toxicity, etc.
Mashuri et al.30 synthesized ferrites based on iron sands by high energy ball milling at
room temperature. They achieved a high reflection loss of up to�7.28 dB in at 7.50 GHz.
Jia et al.31 developed magnetite nanoparticles where the loose magnetic nanoparticles assem-
bled in the form of Fe3O4 spheres of w300 nm in size. The synthesized loose spheres exhibit
two magnetic loss peaks at 4.0e5.0 GHz and 16.0e17.0 GHz when compared with the solid
Fe3O4 spheres, which show only one peak at 4.0e5.0 GHz which belongs to magnetite. The
latter peak in the case of the loose spheres is attributed to the effect of the morphology. Phad-
tare et al.32 developed a lightweight and porous polymer foam composites by controlling the
scaffold structure using a surfactant and varying the amount of Fe3O4 nanoparticles. The mi-
crowave absorption of the foams was enhanced to as high as 82% with the addition of 15 wt%
Fe3O4. Biswas et al.33 fabricate Fe3O4 nanoparticles of different shapes (spherical, cubic, clus-
ter, and flower, for example) and studied the effect of shape anisotropy and size of Fe3O4 on
the microwave shielding properties by incorporating them in polycarbonate (PC)/Polyviny-
lidene fluoride (PVDF) blend matrix along with MWCNTs as conducting nanofillers. They
found that spherically shaped Fe3O4 nanomaterials exhibited superior performance
of �38 dB at 18 GHz which was attributed to the excellent dispersibility of the small-sized
nanospheres. Zhang et al.34 synthesized crystalline Fe3O4 nanowire arrays 200 nm in diam-
eter and 6e10 mm in length and composited them in PC porous membranes by one-step
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electrochemical deposition without heating. They found that the ferromagnetic resonance fre-
quencies of ferrite arrays reached up to 25 GHz under a magnetic field of 9 kG, and it could
also be tuned in a wide frequency range by an external magnetic field. Han et al.35 developed
Fe3O4 and Fe nanowires by electrospinning followed by reduction process of approximately
50e60 nm and 30e40 nm, in diameter respectively. The paraffin-based composite containing
50 wt% weight concentration of Fe3O4 nanowires, exhibited a minimum reflection loss of
(RLmin) of �17.2 dB at 6.2 GHz with the matching thickness of 5.5 mm. Gong et al.36 devel-
oped Feeferrite composite nanotubes of 100 nm diameter and lengths of tens of micrometers
by thermal hydrogen reduction of a-FeOOH nanowires. Due to the effective eddy current
suppression by the thin wall characteristic of nanotubes, the composite nanotubes exhibit
high permeability resulting in RLmin of about �18 dB and the effective absorption band (fre-
quency range for RLmin < �10 dB) of 12.5e17.5 GHz.

Jia et al.37 synthesized a lightweight and flexible composite aerogel composed of CNTs and
mesoporous Fe3O4 using an in-situ growth method. CNTs served as frameworks for the
growth of Fe3O4 and the growth of Fe3O4 crosslinked CNTs into an integrated structure
which lead to the formation of monolithic porous magnetic foam with a high particle loading
of 88 wt%. The aerogel exhibited an excellent EMI shielding performance in the low-
frequency range of 3e5 GHz. An et al.38 fabricated a multigranule Fe3O4 nanocluster of
various sizes and placed them on graphene-based composites. The absorption coefficient
was found to increase by incorporation of ferrite compared to bare nanocomposite with
only graphene. Cheng et al.39 developed flexible PVDF nanocomposite-based films using
Fe3O4 and carbonaceous nanoparticles like Carbon Nanotubes (CNTs) and Graphenes
through solution processing and compression molding method. Due to the synergetic effect
of Fe3O4 nanoparticles and CNTs or GNPs, the total shielding of the 8 wt% CNTs and GNPs
filled PVDF/Fe3O4 composites increased from �14.1 to �32.7 dB, and �16.2 to �35.6 dB,
while the film thickness was increased from 0.5 to 1.1 mm, respectively. The mechanism of
shielding of the composites was mainly attributed to the absorption process. Liu et al.40

developed a trilayer-type laminated epoxy nanocomposite containing a matching layer
with 15 wt% nano-Fe3O4, an absorbing layer with 5 wt% CNTs and a reflecting layer with
10 wt% CNTs. The laminated nanocomposite exhibited excellent microwave absorption
from 13 to 40 GHz up to �40 dB.

Biswas et al.41 probed into the mechanism of shielding in polymer nanocomposites con-
taining a conducting phase like MWCNTs, and a magnetic phase based on inverse-spinel fer-
rites, MFe2O4 (M ¼ Fe, Co, Ni). The study revealed that high saturation magnetization and
hysteresis loss, better impedance matching, high consolidated loss, higher attenuation con-
stant and comparable eddy current loss help Fe3O4 shield the EM wave in the X and Ku
band when compared to the other ferrites based on Ni and Co as shown in Fig. 2.1. Moreover,
the enhanced dielectric and/or interfacial polarization losses because of p-electrons in
MWCNTs produce a synergistic effect. The composites in a biphasic PC/PVDF blend
resulted in shielding ability of �31 dB for Fe3O4þMWCNTs, which is 19% and 24% higher
when compared to CoFe2O4 þ MWCNT and NiFe2O4 þMWCNT containing blends.

Kim et al.42 developed silver (Ag)-decorated poly (vinyl alcohol) (PVA)/Fe2O3 composite
nanofibrous webs by electrospinning and metal-deposition methods. The concentration of
Fe2O3 and the thickness of Ag-decorated on PVA/Fe2O3 composite nanofiber webs were sys-
tematically varied. 200 nm thick Ag-decorated PVA nanofiber webs showed excellent EMI
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shielding of �42.5 dB while 200 nm thick Ag-decorated PVA/10%eFe2O3 composite nanofib-
ers showed EMI shielding as high as �45.2 dB at 10 GHz; the mechanism of shielding being
absorption-based. Arun Prakash et al.43 studied the effect on microwave shielding of adding
silanized fine Fe2O3 particle of sizes 800, 200, and < 100 nm into E-glass fiber-reinforced
epoxy composites. Tong et al.44 compared the EMI shielding properties of urchin-like
a-Fe2O3 and Fe3O4 nanostructures prepared from the precursor urchin-like a-FeOOH under
reducing atmosphere. Urchin-like a-Fe2O3 exhibited an RLmin value of �9.2 dB between 14
and 18 GHz while the urchin-like Fe3O4 showed an enhanced RLmin of �29.96 dB and
below �20 dB in 3.76e8.15 GHz.

2.2 Nickel-based ferrites

Mandal et al.45 synthesized nanohollow spheres and bulk nanoparticles of Nickel ferrite
(NiFe2O4) to study the effect of morphology on the microwave absorption properties in the
X-Band. Composites were prepared with 25 wt% nanoparticles and a thickness of 2 mm.
They found that the hollow nanoparticles lead to lower density (w3.91 g/cc) and multiple
internal reflections thereby enhancing EM wave absorption with an RLmin of �59.2 dB at
w11.7 GHz with an absorption bandwidth between 9.18 and 12 GHz. Fu et al.46 prepared
pompon flower-like NiFe2O4 (PFeNiFe2O4) by a vapor diffusion-deposition method followed
by its annealing. The PF-NiFe2O4 nanoparticles exhibited RLmin of �18.3 dB while its bulk
counterpart NiFe2O4 only yielded RLmin of �9.2 dB. This was attributed to the unique
pompon flower-like morphology of PF-NiFe2O4. The incident EM waves get trapped and un-
dergo multiple scattering and absorption in the ordered array of acicular “petal” thus mini-
mizing direct reflections of EM waves. Biswas et al.47 used a compartmentalized approach to

FIGURE 2.1 Mechanism of EMI shielding in Co and Ni ferrite composites with MWCNT. Reprinted from Biswas S,
Panja SS, Bose S. Physical insight into the mechanism of electromagnetic shielding in polymer nanocomposites containing
multiwalled carbon nanotubes and inverse-spinel ferrites. J Phys Chem C 2018;122(34):19425e19437. Copyright © 2018,
with permission from American Chemical Society.
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disperse NiFe2O4 and MWCNTs in a biphasic polymer blend of PVDF and PC by suitable
functionalization of both the nanoparticles. They observed that when the NiFe2O4 nanopar-
ticles were localized in PC phase and MWCNTs were localized in PVDF phase, the highest
shielding effectiveness of �67 dB was achieved.

Zhang et al.48 developed a novel double-layer microwave absorber composed of spinel
ferrite Ni0.8Co0.2Fe2O4 nanofibers (NCFO NFs) and NieC hybrid NFs via electrospinning
method combined with subsequent heat treatment for EMI shielding in 2e18 GHz frequency
range. The double-layer absorbers consisting of 1.5 mm thick 50 wt% NCFO NFs/paraffin
composite (matching layer) and 0.8 mm thick 5 wt% NieC NFs/paraffin composite
(absorbing layer) exhibited higher absorption compared to individual layers with an RLmin
of �84.9 dB at 17.0 GHz and an effective absorption bandwidth of 7.4 GHz ranging from
10.6 to 18 GHz. Nikzad et al.49 synthesized Co- and Gd-substituted NiFe2O4 ferrite nanopar-
ticles with the formula Ni1-xCoxFe2-yGdyO4 (x ¼ 0.0e1.0 and y ¼ 0.0e0.1) using hydrother-
mal approach. They found an enhancement in the magnetization and coercive field with
an increase in cobalt and gadolinium content which was attributed to the redistribution of
cations in the spinel nano ferrite structure. RLmin of �26.7 dB was obtained at 9.4 GHz for
ferrites with x ¼ 1.0 and y ¼ 0.1 with an absorption bandwidth of 3.6 GHz at 1.8 mm
thickness.

Saha et al.50 synthesized Ni0.40Zn0.40Cu0.20Fe2O4 (NZCF) nanoparticles and incorporated
them in the PVDF matrix to prepare microwave shielding composites. They achieved an
RLmin of -49.7 dB at 13.2 GHz at 10 wt% loading of NZCF. The EM wave absorption proper-
ties were attributed to the mutual contribution of magnetic dipoles from NZCF and electric
dipoles resulting from the enhancement in the electroactive b phase in PVDF. Liu et al.51 syn-
thesized Ni0$5-xZn0$3-xMn0$2þ2xFe2O4 ferrites by sol-gel auto combustion process followed by
annealing at 1200�C for 3 h in air, which resulted in improved grain size. For samples with
x ¼ 0$1, a RLmin of �27$57 dB was observed at 11 GHz with an absorption bandwidth of
8$0 GHz at 3.8 mm thickness. Qian et al.52 synthesized NieZn ferrites with different neodym-
ium substitutions (Ni0.5Zn0.5NdxFe2-xO4) with a combination of sol-gel route and self-
propagating combustion (SPC) method. They obtained an RLmin of �20.8 dB at 4.4 GHz
and an effective absorption bandwidth of 3.2 GHz at x ¼ 0.04 and 8.5 mm thickness.

Jocobo et al.53 synthesized a hybrid nanostructure composed of hard and soft magnetic
phases. NiFe2O4 was synthesized by a self-combustion method over nanocrystalline powders
of NdeCo substituted strontium hexaferrite with the composition Sr0.5Nd0.5Co0.5Fe10.5O19 at
different mass ratios. Strong exchange-coupling between the two magnetic phases was found
in the magnetization studies for the composition 30/70 and 50/50 for Sr0.5Nd0.5Co0.5-
Fe10.5O19/NiFe2O4 (hard/soft magnetic phase). The 50/50 composition exhibited the highest
EM wave blocking performance with an RLmin of �34.4 dB at 11.1 GHz and an absorption
bandwidth of 3.5 GHz.

2.3 Cobalt based ferrites

Yan et al.54 synthesized monodisperse cobalt ferrite (CoFe2O4) nanospheres of about
100e200 nm in size using a simple solvothermal method. The nanospheres were composited
with paraffin wax in the ration 3:1 and an RLmin of �11.96 dB (at 9.00 GHz for 100 nm),
�23.02 dB (at 5.55 GHz for 125 nm) and �32.79 dB (at 10.47 GHz for 200 nm) was obtained.
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Li et al.55 synthesized CoFe2O4 fibers and particles by directly annealing electro spun citric
acid-based precursor fibers and drying the precursor gel under a protective atmosphere.
Composites were prepared in paraffin by adding 33 wt% of the nanofibers. When the match-
ing thickness approached 3 mm, the absorption bandwidth reached up to 10.0 GHz over the
entire X-band and Ku-band. ColeeCole plot suggests the presence of multiple dielectric relax-
ation processes. The electromagnetic coupling between the EM wave and CoFe2O4 fibers en-
hances the microwave absorption.

Huang et al.56 synthesized the CoxZn(1�x)Fe2O4 (x ¼ 0.2, 0.4, 0.6, 0.8) nanofibres by electro-
spinning method and they found that the saturation magnetization and coercivity could be
enhanced by tuning the Co2þ content. 15 wt% of the composition Co0.6Zn 0.4Fe2O4 in polymer
matrix showed the highest microwave attenuation ability with 90% and 80% EM wave ab-
sorption in the Xdband and Kudband frequencies, respectively, with a surface density of
only 2.4 kg/m2. Liu et al.57 developed single and double layer absorbers by synthesizing
spherical NiO and Ni substituted CoFe2O4 (CNZF) of the formula Co0.2Ni0.4Zn0.4Fe2O4 by
sol-gel autoignition process for microwave absorption in the frequency range 2e18 GHz.
They found that the double-layer absorbers of thickness 3.2 mm consisting of 30 wt% NiO
as a matching layer and 30 wt% CNZF as absorption layer exhibited an RLmin of �67.0 dB
at 9.2 GHz and effective absorbing bandwidth of 3.9 GHz from 7.0 to 10.9 GHz.

Li et al.58 synthesized monodisperse hollow CoFe2O4 microspheres with an average size of
150 nm and a shell thickness of 50 nm using a solvothermal approach. The particles were
thermally reduced to obtain hollow CoFe2O4eCo3Fe7 microspheres which will improve
EM wave absorption. They found that hollow CoFe2O4eCo3Fe7 exhibited better shielding
properties compared to CoFe2O4 nanoparticles with an RLmin of �41.6 dB and absorption
bandwidth of 3 GHz at a thickness of 1.3 mm in the Ku band. Salimkhani et al.59 deposited
CoFe2O4 nanoparticles carbon fibers as a 3D structure using the electrophoretic method by
varying the deposition parameters to study their magnetic and EM wave absorption proper-
ties. They observed that by optimizing voltage amount and time to 25 V and 6 min respec-
tively coating uniformity was maintained and this led to the highest EM wave attenuation
of �10.25 dB in the X band region.

2.4 Manganese-based ferrites

Wang et al.60 synthesized spherical manganese ferrite (MnFe2O4) colloidal nanocrystal as-
semblies (CNAs) on a wood substrate using a solvothermal method with assize ranging from
50 to 360 nm. The as-prepared MnFe2O4/wood hybrids exhibited RLmin of �12 dB at
15.52 GHz. Katiyar et al.61 developed a composite of EPDM rubber with different ratios of
manganese-zinc ferrite for application as EM wave absorbers in the frequency range of
2e18 GHz. The maximum absorption bandwidth obtained was �7.4 GHz at 2.5 mm
absorber. Biswas et al.62 incorporated MnFe2O4 nanoparticles, synthesized using a hydrother-
mal approach along with MWCNTs in PVDF matrix to develop multi-layered assemblies for
EM wave shielding. The resulting ultrathin (0.60 mm) multilayered EM wave absorber was
able to block >99.999% (ca. �50 dB) of the incoming EM waves. Biswas et al.62 made multi-
layered thin polymer films by the rational arrangement of tailor-made nanocomposites that
were designed to absorb electromagnetic (EM) radiation. MnFe2O4 nanoparticles were incor-
porated in the PVDF matrix, along with conductive multiwall carbon nanotubes (MWCNTs)
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and treated as outer layers of the multilayer assembly. The resulting ultrathin (0.60 mm)
multi-layered architecture was able to block >99.999% (SET ¼ �50 dB) of the incoming EM
radiation. Bhattacharjee et al.63 constructed of ultrathin multilayer polymer nanocomposite
films by layer-by-layer (LbL) architectural assembly. MnFe2O4 nanoparticles were incorpo-
rated in PVDF along with conductive MWCNTs (PNTMn-Fe) by a facile solution blending
process and used as outer layers of the LbL assembly. In order to scavenge the transmitted
radiation through the top layers, PVDF films sandwiched with a Ni (nickel)- deposited
woven carbon fiber mat was designed using a facile electroless deposition technique and
used as inner layers of the LbL assembly. The different layers were then stacked and hot
pressed into a composite structure which resulted in an extraordinary (�52 dB at 18 GHz)
shielding effectiveness at only 0.60 mm thickness.

3. Hexaferrites for EMI shielding

Hexagonal ferrites are characterized by high magnetocrystalline anisotropy field and a
planar anisotropy which improves their natural resonance in the upper GHz range. They
crystallize in a hexagonal structure and are of six types, namely, M, U, W, X, Y, and Z
type. These ferrite with hexagonal structures are anisotropic and possess a larger intrinsic
magnetocrystalline anisotropy field and large in-plane anisotropy. This causes their natural
resonance to occur in the GHz range.64

3.1 Barium based ferrites

Barium ferrites (BaFe12O19) are a class of hard magnetic materials, which are used for
various applications such as magnetic recording media, permanent magnets, and microwave
devices. BaFe12O19 possesses high saturation magnetization, high Curie temperature, good
chemical, as well as corrosion resistance. Hexagonal ferrites like BaFe12O19 are well-known
magnetic microwave absorbers however they possess high density and lower dielectric
loss which restrict their widespread applications as microwave absorbers. Iqbal et al.65 re-
ported the synthesis of BaFe12O19 nanoparticles via sol-gel technique followed by annealing
at 400�C, 700�C, and 850�C to investigate the effect of annealing temperature on the
morphology and EMI shielding efficiency. They found that BaFe12O19 nanoparticles annealed
at 850�C exhibited pure crystalline phase hexagonal structure with a high magnetic moment
(31.32 emu g�1) and coercivity (2.7 kOe). The total shielding effectiveness achieved
was �17.57 dB at 11.58 GHz which was at par with existing literature.65e68 Biswas et al.69

used a compartmentalized approach to disperse BaFe12O19 and MWCNTs in a biphasic
PC/PVDF blend by suitably modifying the nanoparticles with functional groups. They found
that when ionic liquid modified MWCNTs were placed in PVDF phase and the BaFe12O19
was placed in PC phase, the highest shielding effectiveness of �37 dB was achieved as can
be seen from Fig. 2.2.

Rana et al.70 synthesized cobalt substituted M-type barium nanoferrite of composition
BaCoxFe12�x O19 with x ¼ 0.4, 0.8, and 1.0 via a coprecipitation method. The as-obtained
powders were pressed into toroidal samples and the maximum reflection loss obtained
was �45 dB for the composition at x ¼ 1.0 in the Ku band. Similarly, Guo et al.71 synthesized
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Ba3Co2Fe24O41 Z-type hexaferrite by the citric acid sol-gel method and a composite was pre-
pared in paraffin with ferrite to paraffin ratio of 5:1. The RLmin obtained was �50 dB at
4.1 GHz for a sample thickness of 5 mm. Similar studies were conducted on multiple substi-
tutions such as Ba0.8Al0.2Co0.9Zn1.1Fe19O27,

72,73 Ba0.5Ce0.5Fe11CoO19,
74 BaCo2- xNixFe16O27,

75

Ba3Co2Cr2xFe24�2xO41,
76 BaCoxTixFe12�2xO19,

77,78 etc.
Zhang et al.79 synthesized W-type BaZn2Fe16O27 by ball milling the precursors. A RLmin

of �17.02 dB was obtained at 9.04 GHz with an absorption bandwidth from 7.28 to
11.44 GHz at a sample thickness of 3.5 mm. In a similar study, they doped BaZn2Fe16O27
with antimony-doped tin oxide (ATO) by coprecipitation method in different mole ratios.
When the mole ratio of BaZn2Fe16O27/ATO was 1:2, the minimum RLmin obtained
was �31.14 dB at 12.4 GHz, with an absorption bandwidth of 9.6 GHz in the Ku-band.80

Kaur et al.81 synthesized M-type Ba0.5Sr0.5CoxLaxFe12-2xO19 hexagonal ferrite for shielding
in the X band frequency range. They found that doping improves impedance matching

FIGURE 2.2 (A) Total loss tangent (B) total shielding effectiveness at various thickness (C) flexibility of prepared
film composite and (D) cartoon illustrating the mechanism of EM attenuation for blends containing 2 wt% ionic liquid
modified MWCNT in PVDF phase and 5 wt% BaFe12O19 in the PC phase. Reprinted from Biswas S, Kar GP, Bose S.
Tailor-made distribution of nanoparticles in blend structure toward outstanding electromagnetic interference shielding. ACS
Appl Mater Interfaces 2015;7(45):25448e25463. Copyright © 2015, with permission from American Chemical Society.

3. Hexaferrites for EMI shielding 19

I. Energy applications of nanomaterials



and microwave absorption characteristics of BaeSr based ferrites. The powder obtained was
pelleted and sintered to obtain samples for shielding measurement and the RLmin obtained
was �43.33 dB in composition x ¼ 0.2 at 10.75 GHz at a sample thickness of 1.9 mm.

Kaur et al.82 developed Ba0.5Sr0.5CoxInxFe12�2xO19 hexaferrite and found that both Co2þ

and In3þ increased microwave absorption, impedance matching as well as the absorption
bandwidth of the samples. RLmin obtained was �39.99 dB at 11.14 GHz in the composition
x ¼ 0.2 at a thickness of 1.6 mm. In a similar study they developed Ba0.5Sr0.5CoxRux-
Fe(12�2x)O19 and obtained a RLmin of �12.02 dB at 9.0 GHz in the composition x ¼ 0.2.83 Joshi
et al.84 developed M-type Ba0.5Sr0.5CoxGdxFe12�2xO19 and obtained a RLmin of �15.0 dB at
8.2 GHz for a thickness of 2.9 mm in the X band in the composition x ¼ 0.8.

Liu et al.85 synthesized M-type barium ferrite powders doped with Zr4þ ions (BaFe12-
xZrxO19) by the sol-gel process. They found that the anisotropic field (Ha) of the ferrites
decreased from 15.75 kOe to 8.13 kOe with increasing Zr4þ from x ¼ 0 to 0.4. A strong RLmin
of w-50 dB in the frequency window of 18e40 GHz was obtained with an absorptivity of
electromagnetic (EM) power per unit thickness reaching as high as 0.156% mm�1, which is
about 2e5 times higher than those of most reported in the literature. They obtained
multiple-resonance permeability peaks which were suggested to be originating from Fe3þ

ions. As shown in Fig. 2.3, the resonant frequencies obtained for BaFe11.8Zr0.2O19,
BaFe11.7Zr0.3O19 and BaFe11.6Zr0.4O19 samples are (33.0 GHz, 34.1 GHz, 36.5 GHz, and
39.2 GHz), (27.1 GHz, 28.0 GHz, 30.3, and 33.1 GHz) and (22.6 GHz, 23.9 GHz, 26.5 GHz,
and 29.5 GHz), respectively. The exchange couplings among Fe3þ, Fe2þ, and O� also contrib-
uted toward multiple reflection loss peaks resulting in a broad absorption bandwidth of
w12 GHz. In a similar study, they doped barium ferrite with Nb5þ to enhance the EM ab-
sorption around atmospheric window of 35 GHz by sintering Nb doped barium ferrite pre-
cursors at 1400 �C for 3 h in air, Ar and N2. The magnetic loss region as well as the complex
permittivity was found to be highest for samples sintered in N2 with an RLmin of �37 dB at
35 GHz with an absorption bandwidth of more than 12 GHz at a very low thickness of
0.55 mm.86

Liu et al.87 reported the microwave absorption properties of a La-substituted Ba12Fe28-
Ti15O84 quaternary ferrite which was prepared via a modified sol-gel method. They found
that the introduction of La into Ba12Fe28Ti15O84 had a remarked influence on conductivity,
dielectric and magnetic properties of the ferrites which resulted in RLmin of �16.6 dB with
an effective bandwidth from 8.24 to 12.16 GHz in the composition x ¼ 3 within the X band.

3.2 Strontium-based ferrites

M-type strontium ferrites are characterized by its strong magneto-crystalline anisotropy
which induces high cut-off frequency. Chen et al.88 synthesized uniform urchin-like SrFe12O19
with a diameter of 3e4 mm via facile surfactant assisted hydrothermal approach. The urchins
exhibited an RLmin of �22.8 dB was observed at 15.1 GHz at a thickness of 3 mm with an ab-
sorption bandwidth ranging from 12.4 to 18.0 GHz in the X and Ku band. They stated that the
absorbing property of the urchin-like SrFe12O19 was better than that of bulk particles because
firstly the prickly urchin-like structure can trap incident EM waves inhibiting direct reflec-
tions and secondly, the urchin causes multiple scattering and absorption which again im-
proves absorption performance as shown in Fig. 2.4.
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FIGURE 2.3 Resolved natural resonance peaks for BaFe12�xZrxO19 with (A) x ¼ 0.2, (B) x ¼ 0.3, and (C) x ¼ 0.4.
Reprinted from Liu C, Xu Q, Tang Y, Wang Z, Ma R, Ma N, Du P. Zr 4þ dopingdcontrolled permittivity and permeability of
BaFe 12� x Zr x O 19 and the extraordinary EM absorption power in the millimeter wavelength frequency range. J Mater Chem
C 2016;4(40):9532e9543. Copyright © 2016, with permission from Royal Society of Chemistry.

FIGURE 2.4 Schematic diagram of EM wave absorbing mechanism for the urchin-like SrFe12O19. Reprinted from
Chen W, Zhu X, Liu Q, Fu M. Preparation of urchin-like strontium ferrites as microwave absorbing materials. Mater Lett
2017;209:425e428. Copyright © 2017, with permission from Elsevier.
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Yu et al.89 synthesized mesoporous Ag3PO4 nanorods/SrFe12O19 hexagonal nanoflake and
dispersed it in 60 wt% paraffin. The composites resulted in high RLmin of �63.18 dB at
4.72 GHz at 5.1 mm thickness. The effective absorption bandwidth obtained was about
6.24 GHz at 2.3 mm. Mesoporous nature of the nanoparticles induces multiple scattering of
the incident EM waves thereby increasing the propagation path of the incident microwaves
inside the absorbers. Moreover, the large surface area also results in a higher interfacial po-
larization effect, which accelerates microwave absorption intensity. Kaur et al.90 developed
M-type lanthanum-doped SrFe12O19 with general formula Sr1eyLayFe12O19 (y ¼ 0.00, 0.10,
0.15, 0.20 and 0.25) for application in the frequency range of 18e40 GHz. The ferrites
exhibited a high RLmin of �30 dB with an absorption bandwidth of about 2 GHz. Min-
HyeokPark et al.91 synthesized Zn-substituted Z-type Sr hexaferrites (Sr3Co2�xZnxFe24O41,
x ¼ 0, 0.5, 1.0, 1.5) via solid-state reaction route and dispersed them in an epoxy matrix.
They observed a double hysteresis behavior in ferrites with x ¼ 1.0 and 0.5, shifts in m0 and
m00 values to lower frequencies accompanied by increasing EM wave absorption intensities
with increasing Zn substitution content which was assigned to the decrease in the magneto-
crystalline anisotropy. The composites exhibited low loss factors (m00 and ε

00 z 0) under 1 GHz
and high EM wave absorption bandwidth between 1.5 and 7.5 GHz. Nikzad et al.92 synthe-
sized Y-type hexagonal Sr2Co2Fe12�y/2Aly/2O22 (where y ¼ 0.0e3.0 in a step of 0.5) nanopar-
ticles by chemical coprecipitation and the particle size was found to increase with Al3þ ion
substitution. The samples with y ¼ 3.0 exhibit highest RLmin of �30.7 dB with an absorption
bandwidth of 3.3 GHz at X-band.

4. Garnets for EMI shielding

Garnets are described by the formula Pe3Fe5O12, where Pe is a trivalent ion like a rare earth
(RE) element. They have a similar structure to spinel ferrites; however, they have an extra
dodecahedral c axis where cations can be doped to tune the lattice interaction for desired
physical properties.7

Sharma et al.93 studied the effect of the synthesis method on the EMI shielding properties
of the yttrium iron garnet (YIG: Y3Fe5O12). In the study, they synthesized YIG by sol-gel and
solid-state method. They observed that the morphology of the particles differs with the syn-
thesis method. They found that the nanoparticle prepared by sol-gel method exhibited an
RLmin of �28 dB at 20 GHz for 300 mm thickness which was superior to the solid-state sample.
Akhtar et al.94 synthesized Al-doped spinel and garnet ferrites of the formula Ni0.5Zn0.3Al0.2-
Fe2O4 and Y2.8Al0.2Fe5O12 by sol-gel technique. They obtained circular morphology for spinel
ferrite and cubic morphology for the garnet structure. Toroidal samples were prepared by
sintering for studying EM wave shielding properties in the C and X band. They concluded
that Al doped garnets are excellent materials for filters, oscillators, waveguides, and high-
frequency applications. Li et al.95 synthesized YIG nanoparticles using a solid-state reaction
method with a particle size of 68.2 nm. Thus, the prepared particle showed RLmin of
as �34.5 dB at 20 GHz.

Choudhary et al.96 synthesized coral-shaped YIG through the solution combustion
method. PANI was synthesized using a chemical oxidative method. A composite in
50 wt% paraffin-wax was prepared by varying the concentration of YIG and PANI. The
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composite consisting of 20 wt% YIG and 30 wt% PANI resulted in SET of �44.8 dB for 3 mm
thick sample. They claimed that at the above critical concentration, the coral shape of YIG
helps in multiple scattering of EM waves through the YIG-PANI interfaces. These scattered
waves are then trapped within the dense coral network of YIG until they are absorbed by
the PANI phase via conduction loss resulting in synergistic EM wave attenuation.

5. Hybrid nanostructures of ferrites for EMI shielding

As discussed previously, ferrites alone may not be able to provide shielding effectiveness
over a wide frequency range, more so in the upper GHz frequency range. Therefore, they are
often conjugated with carbonaceous fillers like MWCNTs, Graphene, etc., or with conducting
polymers like Polyaniline (PANI), Polythiophene, Polypyrrole (PPy), etc. Conjugation with
conducting or dielectric materials provides multiple interfaces with differing dielectric prop-
erties that help weaken the inherent power of the incoming EM waves.19,20,97 Moreover, the
overlapping conducting interfaces causes multiple reflections which further promote losses in
EM wave power.

5.1 Nanostructures with carbonaceous materials

Biswas et al.98 synthesized “flower-like” ferrite nanoparticles and conjugated it with
MWCNTs. On incorporation of these heterostructures in PC/PVDF blends, shielding effec-
tiveness of �64 dB at 18 GHz was obtained for 0.9 mm thick samples. The conjugation of
flower-like Fe3O4 nanoclusters on the defect sites of the surface-functionalized MWCNTs
absorbed the incident EM waves due to the interfacial polarization of different heteroge-
neous structures. Zhang et al.99 synthesized Fe3O4 nanoparticles decorated MWCNTs@C
ferrite nanocomposites using a coprecipitation method followed by a calcination process.
The heterostructures with approximately 60 wt% Fe3O4 nanoparticles showed the best elec-
tromagnetic absorption properties with an RLmin of �52.47 dB at a thickness of 2.0 mm at
10.4 GHz. Menon et al.18,21 grafted Fe3O4 nanoparticles onto graphene oxide (GO) sheets us-
ing a one-pot hydrothermal method and its 5 wt% composite in Polyurethane matrix along
with MWCNTs resulted in shielding effectiveness of �36 dB at 18 GHz. Codoping reduced
graphene oxide (rGO)/Fe3O4 with semiconducting MoS2 resulted in improved shielding
performance of �43 dB at 18 GHz due to improved polarization losses.97,100 Pawar
et al.101 grafted dopamine modified Fe3O4 onto MWCNTs via diazotization reaction and
dispersed them in PC/SAN blends to achieve high shielding effectiveness of �32.5 dB at
18 GHz. They also grafted Fe3O4 onto reduced GO (rGO) using a one-pot hydrothermal
method and dispersing them in PC/SAN blends along with MWCNTs, resulted in high
shielding efficiency of �50.7 dB at 18 GHz.102 Sushmita et al.16 provided a mechanistic
insight on how different types of dopant on GO effects EMI shielding properties. They
used ferrimagnetic Fe3O4 and paramagnetic Gd2O3 to dope GO. In a PC matrix when
coupled with MWCNTs SET achieved for Gd2O3 and Fe3O4 hybrid was �28 and �33 dB
at 18 GHz, respectively. They concluded that irrespective of the dopant, various magnetic
and dielectric losses govern the EM wave shielding in polymeric nanocomposites when
facilitated by multiple internal reflections from MWCNTs and GO.
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Shu et al.103 synthesized an MWCNT/ZnFe2O4 hybrid by a facile one-step solvothermal
method. They observed that ZnFe2O4 microspheres were anchored to the surface of
MWCNTs and the microspheres acted as bridges linking the neighboring MWCNTs resulting
in 3D conductive networks as shown in Fig. 2.5. They obtained RLmin of �55.5 dB at 13.4 GHz
with an absorption bandwidth of 3.6 GHz with a thickness of only 1.5 mm and particle
loading of 50 wt% in wax. The same group also synthesized a nitrogen-doped rGO/ZnFe2O4
hybrid nanocomposites through a facile one-pot hydrothermal strategy and their composites
with 40 wt% wax resulted in RLmin of �54.6 dB at 10.0 GHz (X-band) and effective absorption
bandwidth achieved was 4.2 GHz (11.8e16.0 GHz) with a thickness of only 2.0 mm.104 They
also developed a rGO/MWCNT/ZnFe2O4 hybrid by the solvothermal route which resulted
in twisting of MWCNTs around ZnFe2O4 microspheres and their interlinking with rGO form-
ing highly connected 3D conductive networks. The composites in 50 wt% wax resulted in
RLmin of �22.2 dB with an absorption bandwidth of 2.3 GHz for a thickness of only
1.0 mm.105e107

FIGURE 2.5 Mechanism of EMI shielding in MWCNTs/ZnFe2O4 hybrid composites. Reprinted from Shu R, Zhang
G, Wang X, Gao X, Wang M, Gan Y, Shi J, He J. Fabrication of 3D net- like MWCNTs/ZnFe2O4 hybrid composites as high-
performance electromagnetic wave absorbers. Chem Eng J 2018;337:242e255. Copyright © 2018, with permission from
Elsevier.
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Zhang et al.108 synthesized an MWCNTs/NiFe2O4 hybrid heterostructure by a facile one-
pot solvothermal strategy. Through incorporating these heterostructures in 50 wt% wax, they
achieved a RLmin of �42.3 dB with a thickness of 1.2 mm and the effective absorption band-
width was 3.8 GHz. Yadav et al.109,110 prepared rGO/NiFe2O4 heterostructures and compos-
ited them in 50 wt% of an elastomeric matrix which resulted in maximum shielding
effectiveness was up to �28.5 dB with the shielding mechanism being absorption. In another
study, Wu et al.111 used amphiphilic GO as the “surfactant” to directly disperse MWCNTs in
aq. dispersions and they further synthesized a reduced GO/MWCNT/NiFe2O4 ternary nano-
composites by a facile one-pot hydrothermal strategy. The results revealed that the ternary
nanocomposites exhibited the enhanced EM wave absorption compared with the binary
nanocomposite of rGO/MWCNT and single NiFe2O4. RLmin reached �50.2 dB with a thick-
ness of just 1.4 mm and effective absorption bandwidth was 5.0 GHz (13e18 GHz). Liu
et al.112 synthesized rGO/NiFe2O4 clusters by using polyethylene oxide as a structure-
directing reagent whereby rGO/NiFe2O4 clusters with diameters of 40e70 nm is composed
of NiFe2O4 nanoparticles with diameters of 3e5 nm. The composites exhibited RLmin of up
to �47.3 dB at 11.9 GHz and an absorption bandwidth of 4.7 GHz with a thickness of
2.5 mm. Fu et al.113 synthesized NiFe2O4 nanorod/graphene composites by a facile one-
step hydrothermal process in the presence of an ionic liquid, 1-propyl-3-
hexadecylimidazolium bromide ([PHeIm][Br]). The RLmin obtained was �29.2 dB at
16.1 GHz with a thickness of 2.0 mm, and absorption bandwidth ranged from 13.6 to
18 GHz. Xiong et al.114 anchored MWCNTs on the surface of silica-coated porous rod-like
NiFe2O4 (NiFe2O4@SiO2). They observed high EMI shielding efficiency with an RLmin
of �67.8 dB and an absorption bandwidth of 4.5 GHz spanning from 13.5 to 18 GHz at a filler
loading of 40 wt% and a thickness of only 1.9 mm.

Liu et al.115,116 synthesized hierarchical cobalt ferrite (CoFe2O4)/rGO nanocomposites
with a porous structure through in situ solvothermal reaction by varying the weight frac-
tion of rGO. The hierarchical porous structure and proper electromagnetic parameters
resulted in the improvement of impedance matching and attenuation ability. Their compos-
ites with 50 wt% wax resulted in strong RLmin of �57.7 dB and absorption bandwidth of
5.8 GHz (8.3e14.1 GHz) at a thickness of 2.8 mm. Zhang et al.117 developed a unique cova-
lently bonded CoFe2O4/graphene nanocomposites through an amino-ester-amide reaction
process. Compared to noncovalently bonded nanocomposites, the covalently bonded nano-
composites exhibited outstanding electromagnetic wave absorption properties resulting in
RLmin of �55.2 dB, and the absorption bandwidth achieved was about 5.4 GHz at 1.7 mm of
thickness. They proposed that the absorption observed is due to the introduction of amide
bonds in the nanocomposites which promote the migration rate of electrons between
CoFe2O4 and graphene nanosheets as a stable carrier channel, which impacts the electro-
magnetic parameters and polarization modes of the materials. The rGO/CoFe2O4 compos-
ites developed by Zong et al.118 exhibited an RLmin of �44.1 dB at 15.6 GHz with a thickness
of 1.6 mm, and the absorption bandwidth of 4.7 GHz (from 13.3 to 18.0 GHz) with a thick-
ness of only 1.5 mm. Biswas et al.119 anchored CoFe2O4 onto MWCNTs using a pyrene de-
rivative by chemical modification and selectively localized them in co-continuous blends of
PVDF and poly(styrene-co-acrylonitrile) (SAN) which resulted in RLmin of �55 dB in the Ku
band.
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Zhang et al.120 synthesized rGO/MnFe2O4 hybrids by a facile one-pot hydrothermal
method. The obtained MnFe2O4 particles had a unique cubic morphology and were uni-
formly attached to rGO with an average particle size of 100 nm. Their composites with
70 wt% filling ratio resulted in RLmin of �47.5 dB with an absorption bandwidth of
5.2 GHz for a thickness of only 1.7 mm. Sun et al.121 grew MnFe2O4 nanoparticles on gra-
phene by a facile one-step solution-phase route. The as-synthesized heterostructures resulted
in excellent microwave absorbability exhibiting a RLmin of �31.3 dB at 11.5 GHz with a thick-
ness of 2 mm. Srivastava et al.122 reported EMI shielding effectiveness of rGO-MnFe2O4 hy-
brids synthesized by a one-pot hydrothermal route, in presence of MWCNTs as conductive
filler in PVDF matrix. Excellent absorption and a SET of �38 dB at 18 GHz were obtained for
5 wt% rGO-MnFe2O4 and 3 wt%MWCNTs.

Verma et al.123 synthesized rGO/BaFe12O19 hybrids by high energy ball milling which
resulted in BaFe12O19 nanoparticles with an average particle size of 20e30 nm is well distrib-
uted and firmly anchored onto the surface of the rGO. The composites exhibited high shield-
ing effectiveness of �32 dB (w99.9% attenuation) at a thickness of 3 mm in the Ku band. The
mechanism of shielding was proposed to be the enhancement of the space charge polariza-
tion, natural resonance, multiple scattering, and the effective anisotropy energy of BaFe12O19
nanoparticles. He et al.124 developed three-phase composites of PVDF-BaFe12O19- rGO by a
facile wet chemical method and hot-pressing approach. In the X band, the composites
showed excellent RLmin of �32 dB at 11 GHz and with an absorption bandwidth from 9.6
to 12.8 GHz.

Gao et al.125 synthesized 100-150 nm-sized pod-like 3D Ni0.33Co0.67Fe2O4/rGO using a sol-
vothermal reaction followed by cold quenching in liquid nitrogen which caused the Ni0.33C-
o0.67Fe2O4 to be encapsulated in rGO rolls due to the shrinkage of rGO in liquid nitrogen. The
RLmin obtained was �47.5 dB and the absorption bandwidth obtained was 5.02 GHz at a
loading of 20 wt% in the frequency range 1e18 GHz. They observed that Ni0.33Co0.67-
Fe2O4/rGO show much better absorbing performances than pure Ni0.33Co0.67Fe2O4 micro-
spheres and Ni0.33Co0.67Fe2O4-rGO mixture prepared by mechanically blending of cold
quenched pure rGO and Ni0.33Co0.67Fe2O4 microspheres. Zhang et al.126 surface-modified
MWCNTs by Ar plasma and Co0.5Ni0.5Fe2O4 nanoparticles were doped onto the surface of
the MWCNTs by a chemical coprecipitation method. The composites of 0.75 wt% modified
MWCNTs with Polyimide resulted in RLmin of �24.37 dB and an absorption bandwidth of
5.1 GHz from 7.8 to 12.9 GHz. After plasma modification, the surface of the MWCNTs pro-
duced carboxyl groups, which are beneficial for interfacial bonding between the MWCNTs
and Polyimide. Zhou et al.127 fabricated NiZn ferrite nanofibers via electrospinning technique
and then physically converted them into rGO/NiZn ferrite nanocomposites whereby the gra-
phene nanosheets were uniformly decorated with NiZn ferrite without aggregation. They
found that these nanocomposites had remarkable improvements in both permittivity and
permeability, which was attributed to the combination of the good conductivity of rGO
and high magnetocrystalline anisotropy of NiZn ferrites which led to superior RLmin
of �37.71 dB at 12.5 GHz, and an absorption bandwidth of 3.68 GHz. Liu et al.128e131 synthe-
sized a silane coupling agent modified Ni0.4Zn0.4Co0.2Fe2O4 covered rGO hybrids via a sim-
ple, efficient and controllable three-step method which resulted in firm and uniform
decoration of Ni0.4Zn0.4Co0.2Fe2O4 on the rGO nanosheets. Microwave adsorption properties
evaluated in the frequency range of 2e18 GHz showed a RLmin of �51.8 dB at 15.1 GHz with

2. Nanoferrites for electromagnetic interference shielding application26

I. Energy applications of nanomaterials



an absorption bandwidth of 5.3 GHz (from 12.7 to 18 GHz) at a thickness of 2.1 mm. As
shown in Fig. 2.6, they have explained the possible mechanism of EM wave shielding in
the rGO/Ni0.4Zn0.4Co0.2Fe2O4 composites. Zhou et al.132 used a combined precipitation-
hydrothermal method to fabricate MWCNT/Ni0.5Zn0.5Fe2O4 hybrid powders and found
that when the MWCNT content was 5 wt% the RLmin obtained was �32.5 dB with an absorp-
tion bandwidth of 3.9 GHz in 2e9 GHz frequency range.

Peymanfar et al.133 fabricated a magnetic composite of SrAl1.3Fe10.7O19 nanoparticles and
MWCNTs using a modified solegel method. The MWCNTs were first functionalized using a
mixture of nitric and sulfuric and then coated with SrAl1.3Fe10.7O19 in the presence of poly
(methyl methacrylate) (PMMA) in an argon atmosphere furnace. They achieved a RLmin
of �44.08 dB at 9.56 GHz and an absorption bandwidth of 2.21 GHz in the X band with a
thickness of only 3.1 mm diameter and using 30 wt% of the heterostructure. Acharya
et al.134 report fabrication rGO/SrAl4Fe8O19 heterostructure by one port chemical reduction
of GO in the presence of SrAl4Fe8O19 and they prepared composites of these heterostructures
in PVDF. By varying the concentration of rGO and SrAl4Fe8O19 they observed that rGO

FIGURE 2.6 EM wave absorption mechanisms for the rGO/Ni0.4Zn0.4Co0.2Fe2O4 nanocomposites. Reprinted from
Liu P, Yao Z, Zhou J, Yang Z, Kong LB. Small magnetic Co-doped NiZn ferrite/graphene nanocomposites and their dual-region
microwave absorption performance. J Mater Chem C 2016;4(41):9738e9749. Copyright © 2016, with permission from Royal
Society of Chemistry.
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plays a crucial role in not only providing the conductive paths in the EM wave absorption but
also in the magnetic domain communication of magnetic entities within the rGO network
which resulted in high shielding effectiveness of �40 dB in X band with shielding mechanism
being absorption type. Jamalian et al.135 developed MneSneTi substituted strontium ferrite
nanoparticles attached on varying concentrations of MWCNTs by sol-gel method. The com-
posites with 30 wt% polyvinyl chloride exhibited a RLmin of �28 dB at 8.8 GHz and an ab-
sorption bandwidth of 4 GHz.

Lin et al.136 synthesized a graphene/CoFe2O4/YIG (with CoFe2O4: YIG mass ratio of 4:1
and graphene: CoFe2O4/YIG mass ratio of 1:5) nanocomposite by a deoxidation technique.
The CoFe2O4 and YIG were synthesized separately via sol-gel and physically combined after
which they were combined with GO via hydrothermal route. They observed a RLmin
of �32.9 dB at 13.6 GHz which was much higher in composites without graphene.

5.2 Nanostructures with conducting polymers

Hosseini et al.137 synthesized polyaniline (PANI)eMnFe2O4 core-shell nanostructure by
in situ polymerization in the presence of dodecyl benzene sulfonic acid (DBSA) as the surfac-
tant and dopant and ammonium persulfate (APS) as the oxidant. The size of MnFe2O4 was
about 24 nm while the PANI coating content was about 15 wt%. The nanostructures were
dispersed in acrylic resin and a coating thickness of 1.4 mm yielded a RLmin of �15.3 dB at
10.4 GHz in the X band. Gandhi et al.138 synthesized PANIeCoFe2O4 nanostructures via
one-step chemical oxidative polymerization of aniline in the presence of CoFe2O4 nanopar-
ticles (30e40 nm). The ratio of PANI to CoFe2O4 was varied and the best shielding effective-
ness with an absorption coefficient of �21.5 dB (more than 99% attenuation of microwaves)
was exhibited by PANI: CoFe2O4 ratio of 1:2. Ma et al.139 synthesized PANI/Co0.5Zn0.5Fe2O4
nanostructures by an in situ polymerization method with a particle size of 70 nm. Composites
were prepared by dispersing 2 g of the nanostructure in 50 mL epoxy resin and the RLmin was
measured in X-band (8.2e12.4 GHz), U-band (12.4e18 GHz) and K-band (18e26.5 GHz) by
radar cross-sectional method according to the national standard GJB-2038e94. The RLmin ob-
tained of the about �39.9 dB at 22.4 GHz with a bandwidth of 5 GHz. Lei et al.140 co doped
FeNi ferrites and coated PANI on them by varying reaction conditions including the poly-
merization temperature and reaction time to develop composites with high shielding ability.
They observed that at an optimized polymerization condition of 20�C for 12 h the highest mi-
crowave absorption with an RLmin of �54.3 dB, and effective bandwidth of about 6.02 GHz at
a thickness of 6.8 mm was achieved. Li et al.141 synthesized CoFe2O4 hollow microspheres
with protrusions by reduction of Co and Fe salts with a base in the presence of polystyrene
(PS) microspheres followed by calcination as shown in Fig. 2.7. The obtained nanoparticles
were then coated with polythiophene by in-situ polymerization method. The as-obtained
nanoparticles were dispersed in wax in 8:3 ratio and were tested for shielding performance.
They observed that at a thickness of 3.0 mm the composites exhibited a strong RLmin
of �33.8 dB at 9.5 GHz with an absorption bandwidth of 3.1 GHz (8.2e11.3 GHz). Fang
et al.142 synthesized a heterostructure consisting of chopped carbon fibers (CF), Co0.2Fe2.8O4
and PANI via a layer by layer (LBL) assembly for EMI shielding in the frequency range
2e18 GHz. The heterostructures when dispersed in wax in a ratio of 1:2 demonstrated RLmin
of �38.2 dB at 12.7 GHz with a thickness of 4.1 mm. The shielding observed was attributed to
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the combined effect of magnetic loss and dielectric losses from the synergistic combination of
the three phases.

Li et al.143 synthesized NiFe2O4 spinel ferrites by polyacrylamide sol-gel method, and its
nanostructures with PANI and polypyrrole (PPy) were prepared via in situ emulsion poly-
merization. Composites were prepared in 70 wt% wax and the RLmin of NiFe2O4/PPy com-
posite was found to be better than that of NiFe2O4/PANI composite with a value of �42 dB
at 8 GHz and an absorption bandwidth of 4.5 GHz at a thickness of 3.5 mm. Saini et al.144

synthesized PANI encapsulated Cd2þ substituted NiFe2O4 nanocomposites via in situ poly-
merization. Composites containing 30 wt% of particles showed the maximum SET
of �42.7 dB for 2.3 mm thickness in the X-band range which was attributed to the synergistic
tuning of magnetic and conductive inclusions. Didehban et al.145 synthesized Ni0.5Zn0.5Fe2O4
by first preparing a nitrateecitrate gel was metallic nitrates and citric acid followed by sole
gel synthesis and auto-combustion. Then 15 and 35 wt% PANI was coated by in-situ poly-
merization of aniline. The composites were prepared in equal mass ratios of epoxy and the
composite with 35 wt% PANI coating resulted in best shielding performance in X band exhib-
iting an RLmin �20 dB at 9.1 GHz. Ali et al.146 developed Mn0.1Ni0.45Zn0.45Fe2O4 by sol-gel
method and then coated them with PANI in-situ chemical oxidative polymerization. Their

FIGURE 2.7 (A) Polymerization of polythiophene (B) synthesis of polythiophene coated CoFe2O4 hollow mi-
crospheres with protrusions. Reprinted from Li L, Liu S, Lu L. Synthesis and significantly enhanced microwave absorption
properties of cobalt ferrite hollow microspheres with protrusions/polythiophene composites. J Alloys Compd
2017;722:158e165. Copyright © 2017, with permission from Elsevier.
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75 wt% composites with wax exhibit an absorption bandwidth from 2.60 to 3.74 GHz at a low
surface density ranging from 2.5 to 3.1 kg/m2. The RLmin achieved was �31.32 dB at
11.13 GHz with a matching thickness of 3 mm.

Li et al.147 synthesized nanosized Zn0.6Cu0.4Cr0.5Fe1.46Sm0.04O4 by a rheological phase re-
action method. These nanoparticles were further coated with PANI and PPy via in situ poly-
merization method. When the relative content of Zn0.6Cu0.4Cr0.5Fe1.46Sm0.04O4 in the
nanostructures with PANI and PPy was approximately 20 wt%, the RLmin obtained for 1:1
composite with wax was �22.46 dB at 14.07 GHz and �20.90 dB at 14.05 for Zn0.6Cu0.4Cr0.5-
Fe1.46Sm0.04O4/PANI and Zn0.6Cu0.4Cr0.5Fe1.46Sm0.04O4/PPy, respectively. Elahi et al.

148 syn-
thesized Zn0.5Ni0.4Cr0.1Fe2O4 nanoparticles by solegel method and then coated 5, 15 and
25 wt% of PANI by in situ polymerization. The as-obtained powders were pressed for shield-
ing measurement, and the results show that nanostructures with 25 wt% PANI coating show
the best RLmin of �26.3 dB at 13.6 GHz in the Ku band. Zuo et al.149 synthesized coralliform
PANI nanorods and they were grafted onto the surface of Li0.35Zn0.3Fe2.35O4 (prepared by
sol-gel method) by interfacial polymerization. At an optimized weight ratio of 1:2 of ferrite
to aniline monomer, the RLmin value reached for their 70 wt% composite in wax
was �36.9 dB at 12.4 GHz with the thickness of 2.1 mm and absorption bandwidth achieved
was 4.24 GHz (11.26e15.5 GHz). The enhanced microwave absorption was chiefly attributed
to the coralliform structure and improved impedance matching between the dielectric and
magnetic loss.

Liu et al.150 synthesized BaFe12O19/PANI coreeshell nano-composites with PANI shell
thickness varying from 25 to 60 nm by in-situ polymerization. The shell thickness variation
helped in tuning the electric and magnetic characteristics of the nanostructures which helped
refining impedance match, conductance loss, magnetic resonance loss and interfacial loss.
The best EMI shielding performance was exhibited by the 70/30 (nanostructure/wax) com-
posite with 30e40 nm shell thickness resulting in RLmin of �28 dB at 12.8 GHz with an ab-
sorption bandwidth of 3.8 GHz (11.8e15.6 GHz) at a thickness of 2.0 mm.

Peymanfar et al.151 synthesized aluminum- doped strontium hexaferrite nanoparticle
(SrAl1.3Fe10.7O19) by sol-gel method. Further, SrAl1.3Fe10.7O19/MWCNT/PANI multiphasic
nanostructure was synthesized through a sonochemical method by in situ polymerization.
The composites in 80 wt% wax resulted in RLmin of �24.93 dB at 16.40 GHz with a band-
width of 2.81 GHz at a thickness of 6.5 mm in Ku band and were attributed to the interactive
effect of the three components. Luo et al.152 synthesized M-type strontium ferrite substituted
by rare-earth ions Sm3þ and Er3þ via a sol-gel method. The ferrites were coated with
50e100 nm thick coating of PPy by in situ polymerization method using ammonium persul-
fate as oxidant. The nanostructures showed an increase in coercivity with PPy coating. The
shielding efficiency of a 1:1 mass ratio composite of SrEr0.3Fe11.7O19 was higher than that
of SrSm0.3Fe11.7O19 composite resulting in RLmin of �24.01 dB in 13.8 GHz for 3.0 mm with
an absorption bandwidth of 7.2 GHz over the Ku band. He et al.153 developed a PANI/
Ag/SrFe12O19 heterostructure via a three-step method whereby, first, SrFe12O19 was synthe-
sized via coprecipitation, then Ag was coated onto SrFe12O19 particles via chemical plating
method and finally, PANI was coated onto Ag/SrFe12O19 particles via in-situ polymerization.
The particles were dispersed in 70 wt% paraffin and the RLmin obtained was �14.86 dB at
9.98 GHz with an absorption bandwidth between 8.7 and 12.1 GHz for a thickness of
2 mm in the X band frequency range.

Bhingardive et al.154 synthesized CaFe2O4 nanoparticles using Pechini method and coated
it with PANI by in-situ polymerization. They compared the properties of PANI coated
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CaFe2O4 with that of PANI-coated MWCNTs, and they observed that the former approach
yielded the best results by achieving shielding effectiveness of �57 dB at 18 GHz and exhib-
iting 80% absorption of the incident EM radiation. From their study, they concluded that con-
ducting PANI layer on magnetic CaFe2O4 results in highly lossy materials as compared to
coating a conducting layer onto conducting MWCNTs.

Shen et al.155 synthesized a copolymer composed of two conducting polymers: (N- meth-
ylpyrrole and pyrrole). The polymerization was carried out in situ in the presence of
Ba0.9Nd0.1Cr0.5Fe11.5O19 ferrite. This resulted in the Ba0.9Nd0.1Cr0.5Fe11.5O19 ferrite particles
being coated by the (N-methylpyrrole-co-pyrrole) copolymer as shown in Fig. 2.8. The
dopant used for the conducting copolymer was H3PO4 which can make the N atom in the
copolymer positively charged and can bond with the negatively charged Ba0.9Nd0.1Cr0.5-
Fe11.5O19 through H-bonding and electrostatic interaction. The EM wave absorbing properties
of the poly(N-methylpyrrole-co-pyrrole)/Ba0.9Nd0.1Cr0.5Fe11.5O19 composites was found to
be better than that of individual-components which resulted in a RLmin of �26.57 dB and ab-
sorption bandwidth of 8.36 GHz in the frequency range of 2e18 GHz for a ratio of 5/3 (poly-
mer/filler) and a thickness of 2 mm.

Cheng et al.156 synthesized PPy/YIG heterostructure via in situ polymerization. They
observed a negative permittivity behavior combined with metal-like conduction in the com-
posites, which was attributed to the low-frequency plasmonic state of free electrons in the
conducting PPy networks. The combined effect of magnetic resonance of YIG and the

FIGURE 2.8 Schematic for synthesize of poly(N-methylpyrrole-co- pyrrole)/Ba0.9Nd0.1Cr0.5Fe11.5O19 composites.
Reprinted from Shen J, Feng J, Li L, Tong G, He Y. Synthesis and excellent electromagnetic absorbing properties of copolymer
(N-methylpyrrole-co-pyrrole) and BaeNdeCr ferrite. J Alloys Compd 2015;632:490e499. Copyright © 2015, with permis-
sion from Elsevier.
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diamagnetic response of PPy conducting networks resulted in a relaxation-type frequency
dispersion in the permeability plots. Lin et al.157 synthesized a PANI/CoFe2O4/YIG compos-
ite via in situ polymerization method for EMI shielding in 2e18 GHz range. They observed
that when the mass ratio of CoFe2O4: YIG powders is 6:4, the highest RLmin of �23.4 dB at
7.7 GHz was obtained. Yang et al.158 synthesized a hard/soft BaFe12O19/Y3Fe5O12 hetero-
structure via was a one-step sol-gel method. These when then coated with PANI through
the in situ polymerization method. Composites were prepared at 1:1 ratio in wax. They
observed an exchange-coupling effect between BaFe12O19 and Y3Fe5O12 at a ratio of 0.9: 0.1
which led to an excellent RLmin of �40.8 dB at 9.9 GHz and an absorption bandwidth be-
tween 6.8 and 12.3 GHz.

5.3 Core-shell nanostructures

Pawar et al.159 synthesized carbon encapsulated “brick-like” Fe3O4 nanoparticles
(Fe3O4@C) through a simple hydrothermal approach using Glucose as the carbon source.
When incorporated in a PC matrix along with MWCNTs, they achieved RLmin of �41.3 dB
at 17.7 GHz and with an absorption bandwidth of 4.4 GHz for a thickness of 1 mm. They
claimed that the encapsulation of Fe3O4 with carbon prevented the disruption of conducting
pathways facilitated by MWCNTs. Bhattacharjee et al.160 reported a high EMI shielding effec-
tiveness of �40 dB in the Ku-band for a film of 600 mm thickness using a unique core-shell
heterostructure consisting of a Fe3O4 core and a conducting MWCNT shell, supported
onto a dielectric SiO2 spacer. The core-shell heterostructures were incorporated into a
PVDF matrix along with conducting MWCNTs as shown in Fig. 2.9.

Feng et al.161 prepared core/shell-structured, hard/soft spinel-ferrite-based CoFe2O4/
NiFe2O4 nanocapsules with an average diameter of 17 nm by a facile two-step hydrothermal
process using CoFe2O4 cores of w15 nm diameter as the hard magnetic phase and NiFe2O4
shells of w1 nm thickness as the soft magnetic phase. They observed that compared to
CoFe2O4 and NiFe2O4 nanoparticles the core/shell structure enabled a significant reduction
in electric resistivity and an enhancement in dipole and interfacial polarization in resulting in
an obvious increase in dielectric permittivity and loss in the whole SeKu bands of micro-
waves of 2e18 GHz, respectively. The exchange-coupling interaction between the core and
shell led to enhanced exchange resonances in magnetic permeability and loss above
10 GHz manifesting in RLmin of �20.1 dB at 9.7 GHz at a thickness of 4.5 mm with an absorp-
tion bandwidth of 8.4 GHz (7.8e16.2 GHz).

Li et al.162 developed Ti3C2Tx/NiZn ferrite composites with high reflection loss using a
facile in situ coprecipitation method. The as-synthesized Ti3C2Tx/NiZn ferrite composite
with a 5 wt% Ti3C2Tx MXenes loading exhibited high RLmin of �42.5 dB at 13.5 GHz with
an absorption bandwidth about 3 GHz (12e15 GHz) in the K-band. The potential electromag-
netic wave absorption mechanisms were proposed to be a magnetic loss, dielectric loss, con-
ductivity loss, multiple reflections, and scattering.

Wang et al.163 developed a core/shell-structured CeO2/Fe3O4 and Fe3O4/CeO2 nanocap-
sules by interchange assembly of diluted magnetic semiconductor CeO2 and ferromagnetic
Fe3O4 as the core and the shell, and vice versa, using a facile two-step polar solvothermal
method. The CeO2/Fe3O4 (core/shell) nanocapsules showed enhanced permittivity and
permeability in the Ku band with an RLmin of �28.9 dB at 15.3 GHz due to interfacial polar-
ization and natural resonance at w15 GHz.
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He et al.164 synthesized (00h) BaFe12O19 filled Ba2Co2Fe12O22@PANI composite with ori-
ented microstructure by an in situ polymerization reaction and a tape-casting method. The
nanostructures were composited with polyvinyl butyral (PVB) (volume fraction of the pow-
der to PVB being 30%) and composites sheets were prepared through the tape-casting pro-
cess. Under the shear forces during the tap-casting, the BaFe12O19 templates were orderly
dispersed in the composite to form an oriented microstructure to enhance the scattering ef-
fect. The RLmin obtained was �66.9 dB at 11.6 GHz with an absorption bandwidth of about
6.32 GHz at a thickness of 1.9 mm.

FIGURE 2.9 (A) SET for PVDF/core-shell heterostructure/MWCNT nanocomposites as a function of thickness
(B) EMI shielding mechanism in the developed composite. Reprinted from Bhattacharjee Y, Chatterjee D, Bose S.
Coreemultishell heterostructure with excellent heat dissipation for electromagnetic interference shielding. ACS Appl Mater
Interfaces 2018;10(36):30762e30773.Copyright © 2018, with permission from American Chemical Society.
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6. Conclusions

From the above discussion, it can be safely concluded that ferrites, as a class of magnetic
materials are highly versatile in shielding EM waves. Two of the most important factors
required for EM wave absorption especially as high frequencies are: magnetic and dielectric
losses. Although ferrites do not impart appreciable magnetic losses except for significant
eddy current losses at high frequencies, they can, however, contribute toward dielectric losses
due to the presence of crystal defects that lead to the formation of dipole centers. Under an
alternating EM field, these dipoles perform orientated rotation causing polarization losses
leading to EM energy conversion to thermal energy. Doping ferrites with other metals can
improve their coercivity leading to an increase in magnetic hysteresis losses, shifts the reso-
nance frequency to higher frequencies, the ions with larger radiuses cause lattice distortions
that improve dielectric loss. RE metal ions have unpaired 4f electrons, that causes the occur-
rence of 4fe3d couplings with ferrites which improve the EM properties.152 To enhance the
losses, dielectric and conducting inclusions are incorporated along with ferrites either sepa-
rately or via suitable conjugation which further leads to a synergistic improvement in shield-
ing efficiency. We hope that this consolidated review will help guide researchers from both
academia and industry in designing suitable ferrite-based EM shields at the required fre-
quency and application window.
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1. Introduction

1.1 Multiferroic materials and magnetoelectric coupling

Multiferroic materials have numerous applications in the field of low power consuming
devices such as spintronics, storage media, microwave devices, miniature antennas, etc.1,2

It exhibits the combined nature of multiple (charge and spin) order parameters of ferroelec-
tricity, ferromagnetism, and ferroelasticity.3 The term “multiferroic” was first introduced in
1994 by H. Schmid, to describe crystals with multiple ferroic order parameters simulta-
neously.4 The distinct ferroic behaviors are (1) ferroelectricda spontaneous electric polariza-
tion by an applied electric field (2) ferromagneticda spontaneous magnetization by an
applied magnetic field (3) ferroelasticda spontaneous deformation by an applied stress.
The relation between ferroelectric, ferromagnetic, and multiferroic is depicted in Fig. 3.1.
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The simultaneous combination of two different phenomena ferroelectricity and ferroma-
gentism are called multiferroicity. This multiferroic effect was first introduced in antiferro-
magnetic Cr2O3 oxides by Dzyaloshinskii et al. in 1959.5 Because of the difficulty in
bringing ferroelectricity and magnetism together, there are very few materials that exhibit
multiferroic characteristics. Thus, researches are underway to develop multiferroic materials
with high coupling coefficient at moderate temperature for device applications. The multifer-
roic materials are designed using different methods includes doping of rare earth elements in
the appropriate host matrix. The magnetoelectric coupling between electric and magnetic or-
der parameters is explained by theoretical approach on the basis of Landau theory,

�FðE;HÞ ¼ 1
2
ε0 εijEiEj þ 1

2
m0 mijHiHj þ aijEiHj þ

bijk

2
EiHjHk þ

gijk

2
HiEjEk þ. (3.1)

where FðE;HÞ represents the free energy in terms of the applied electric field ðEÞ and the
magnetic field ðHÞ, the magnetoelectric (ME) coupling coefficients are represented by aij,
bij and gij, respectively.

aij ¼ vP=vH 3.2

where vP=vH represents the linear magneto electric coupling coefficient, which have
maximum value for BiFeO3 (BFO) multiferroic system.6,7

1.2 BiFeO3dmultiferroic system

Bismuth ferrite-BiFeO3 (abbreviation - BFO) is an inorganic eco-friendly, single phase,
type-1 category multiferroic material, which possess both ferroelectric and magnetic proper-
ties at room temperature.8 It possesses ferroelectric transition temperature at Tcw1103 K and
ferromagnetic transition temperature (G-type anti ferromagnetism) TNw643 K.8e10 BFO
possess rhombohedrally distorted perovskite (ABO3) structure of R3c phase group with lat-
tice parameters a ¼ b ¼ 5:5775 �A, c ¼ 13:8616 �A , a ¼ b ¼ 90degree and g ¼ 120degree

FIGURE 3.1 Schematic diagram: The relationship between magnetically polarizable, ferromagnetic, electrically
polarizable, ferroelectric, multiferroic, and magnetoelectric materials.
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as given in Fig. 3.2. The simultaneous multiferroic property is explained by Dzyaloshinskii-
Moriya (DM) interaction in the BFO crystal system.11,12 The BFO has a weak ferromagnetic
ordering and eight structural transitions. The spatially modulated spin structure exhibits
its antiferromagnetic proeprties and inhibits the magnetoelectric effect. The ferroelectricity
is due to the 6s2 lone pair electrons of the bismuth ions and G-type antiferromagnetic prop-
erty is due to the cycloidal spin structure of the partially filled 3 d5 orbitals of Fe3þ ions.13

To solve some of the problems in multiferroic materials such as high leakage current, for-
mation of new multiphase during preparation, structural transitions, etc. and some efforts
have been made to increase dielectric constant and to reduce the leakage current to improve
the ferroelectric polarization in the BFO. This is possible through rare earth doping at the Bi
or Fe site. But it is difficult to synthesis single phase BiFeO3 multiferroic systems due to the
high volatile nature of the Bi3þ ions. This high volatile nature creates the bismuth vacancies
(VBi3þ ) and that leads to the reduction of Fe3þ to Fe2þ and also to the formation of oxygen
vacancies, it causes the dielectric properties in the BiFeO3 multiferroic system. We can
enhanced this dielectric, magneto electric coupling properties by doping rare earth ions
such as Eu3þ, Dy3þ, and Pr3þ in Bi3þ site in very low concentration.

2. Experimental methods

In place of Bi3þ, rare-earth-doped (RE ¼ Eu3þ) Bi1�xRExFeO3 nanocrystalline multiferroic
perovskite samples were synthesized through a sol-gel method. It is a wet chemistry method
that can produce highly homogeneous and pure samples. For the synthesis of europium

FIGURE 3.2 Crystal structure of BiFeO3. The Bi, Fe, and O ions are represented with blue, green, and red colored
circles, respectively. The two oxygen octahedra (shaded in gray color) rotate opposite directions around the [1 1 1] axis.
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doped Bi1�xEuxFeO3 (x ¼ 0, 0.01, and 0.02) samples, 99.9% pure bismuth nitrate
Bi(NO3)3$5H2O, ferric nitrate Fe(NO3)2$9H2O, europium nitrate Eu(NO3)3$5H₂O and poly vi-
nyl alcohol (PVA) are used as the precursors. Stoichiometric amounts of Bi(NO3)3$5H2O (mo-
lecular weight 485.07 g/mol) dissolved in 70%-concentrated HNO3 and Fe(NO3)2$9H2O
(molecular weight 404.00 g/mol), and Eu(NO3)3$5H₂O (molecular weight 428.06 g/mol)
were diluted in double distilled water, and all these solutions were sonicated separately
for 20 min.

PVA (chelating agent) of weight equal to the weight of the metal ions was then added to
the mixed solution and stirred for 12 h until it got completely dissolved. Thereafter the solu-
tion was evaporated at 333K for 6 to 7 days till it gradually turned into a viscous sol and then
to dark brown gel. The final dried gel was heated to 873K for 2 h and Bi1�xEuxFeO3 powder
samples were obtained.14e16 The other rare-earth doped samples were prepared in the same
way, replacing the rare-earth precursor and its stoichiometric calculations. The complete
experimental procedure is illustrated in the flowchart shown in Fig. 3.3.

3. Result and discussion

3.1 X-ray diffraction

Fig. 3.4 represents the X-ray diffraction spectra of Bi1-xEuxFeO3 (x ¼ 0, 0.01, and 0.02) sam-
ples. All the diffraction peaks (0 1 2), (1 0 4), (1 1 0), (2 0 2), (0 2 4), (1 1 6), (1 2 2), (3 0 0), (2 2 0),
(0 3 6), (1 3 4) are indexed and well matched with the ICDD card no: 01-086-1518, with rhom-
bohedral distorted structure with R3C space group. In the pure (BFO) sample the impurity
peak (1 2 1) of *Pbam-Bi2Fe4O9 phase is present, but the rare-earth (Eu3D) doping helped to
the removal of this impurity phase.15

The crystallite size of the samples are calculated using Scherrer equation, ¼ 0:9 l
b cos q

, where
l ¼ 1.546 Å (CuKa e X-ray source) and b is the full width at half maximum (FWHM

measured in degree) of the maximum intense peak of the spectrum (2qw32degrees).17

FIGURE 3.3 Flowchart of the synthesis of europium doped Bi1�xEuxFeO3 (x ¼ 0, 0.01, and 0.02) samples.
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The calculated crystallite size of the prepared samples is shown in Table 3.1. The crystal-
lite size (w 13 nm)decreases with the increase in the doping concentration of the europium
ions. This is due to the lower ionic radius of the Eu3þ (ionic radius ¼ 1.07 Å) ions instead of
Bi3þ ions (ionic radius ¼ 1.17 Å). The lattice parameters and the unit cell volume of the sam-
ples are calculated, which decreases as the doping concentration increases and are illustrated
in Fig. 3.5.

Wonderful results have been observed on Eu3þ doping at Bi site. It eliminates the impurity
phases present in the undoped BFO. The doping also causes the compression of Fe-O and Eu-
O bonds and affects the lattice strain in the material.18 To reduce this lattice strain, the two

FIGURE 3.4 XRD patterns of the Bi1�xEuxFeO3 (x ¼ 0, 0.01, and 0.02) samples.

TABLE 3.1 The calculated crystallite size using Scherrer equation.

Sample 2q FWHM b (degree) Crystallite size (nm)

BiFeO3 32.0771 0.6345 13.0295

Bi0.09Eu0.01FeO3 32.1365 0.6373 12.9735

Bi0.08Eu0.02FeO3 32.0847 0.6428 12.8615
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adjacent oxygen octahedra are rotated around the polarization axis [1 1 1]. This rotation in-
duces a net polarization in the crystal lattice and it enhances the optical, dielectric, magneto
electric coupling, and magnetic properties of the BFO system.19,20

3.2 Optical properties

The optical properties of the Bi1-xEuxFeO3 (x ¼ 0, 0.01, and 0.02) samples were studied us-
ing UV-Vis diffused reflectance spectroscopy. The obtained reflectance spectra of the powder
samples are depicted in the following Fig. 3.6.

The band gap energies of these samples are calculated using Kubelka-Munk
function.f ðRÞ21

f ðRÞ ¼ ð1� RÞ2
2R

(3.3)

where R if the percentage of reflection of the UV-Vis light from the samples. Using f ðRÞ, the
band gap energy is calculated from the (f(R)hn)2 versus hn (eV) plot and tangents meeting at
(f(R)hn)2 ¼ 0 is the band gap energy of the prepared samples and is given in the following
Fig. 3.7.22

The obtained band gap energy values of the samples are given in Table 3.2. As the concen-
tration of the Eu3þ ions increase, the band gap energy of the samples decreases. This decrease

FIGURE 3.5 Unit cell volume of the Bi1�xEuxFeO3 (x ¼ 0, 0.01, and 0.02) samples.
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FIGURE 3.7 (f(R)hn)2 versus hn plot of the Bi1�xEuxFeO3 (x ¼ 0, 0.01, and 0.02) samples.

FIGURE 3.6 The UV-Vis diffused reflectance spectra of the Bi1�xEuxFeO3 (x ¼ 0, 0.01, and 0.02).
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in the band gap energy is due to the formation of the new energy levels between the valance
band of the O 2p states to the conduction band of the Fe 3d state and these materials are very
relevant in the field of photovoltaic applications due to the rare earth doping.16

3.3 Dielectric properties

The dielectric materials have wide range of applications in the field of charge storage de-
vices like capacitors due to its electric polarization. The dielectric property of a material de-
pends on its structure, density, porosity, and temperature. When an external electric field is
applied to a dielectric material, ionic, electric, and bipolar polarization occurred in it due to
the orientation of the charged particles. This orientation produces a torque ðsÞ, which causes
the bound charges to form and aligned within the materials. This polarization in the material
due to the presence of the external ac electric field ðEÞ produces an instantaneous dielectric
constant and capacitance in the material.

The dielectric constant (ε�) is a complex quantity and is expressed as23

ε
� ¼ ε

0 � jε00 (3.4)

where ε0 and ε
00 are the real and imaginary part of dielectric constant, j is the current density.

The real part is represented as,

ε
0 ¼ Cpd

ε0A
(3.5)

where Cp is the capacitance, A is the area of cross section, d is the thickness of the sample (in
pellet form) of the sample, and ε0 is the permittivity of free space.

ε0 ¼ 8:854� 10�12 F=m

The imaginary part (dielectric leakage) is represented as,

ε
00 ¼ ε

0 tan d (3.6)

where tan d is the dissipation factor,24

tanðdÞ ¼ 1�
2pfRpCp

(3.7)

TABLE 3.2 The band gap energy values of the samples calculated from Fig. 3.7.

Sample Bandgap (eV)

BiFeO3 2.255

Bi0.09Eu0.01FeO3 2.224

Bi0.08Eu0.02FeO3 2.191
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where Rp is the parallel resistance and Cp is the parallel capacitance of the pelleted samples
measured.

This is due to the phase change of the dipole and the applied electric field. The frequency
depended dielectric constant of the Bi1�xEuxFeO3 (x ¼ 0, 0.01, and 0.02) samples in the ac fre-
quencies (100 Hz e 2 MHz) are illustrated in Fig. 3.8.

The dielectric constant of all samples decreases sharply with the increase in the applied ac
frequency, which can be explained in terms of the dielectric-relaxation phenomenon. At low
frequencies, atomic, electronic orientation and the space charge polarization cause values of
the dielectric constant. In Bi1-xEuxFeO3 samples, the space charges are due to the presence of
bismuth (VBi

�3) and oxygen (VO
þ2) vacancies. Due to this space charges the Fe3þ ions may be

converted to Fe2þ ions to maintain the charge balance as in the following equations.25

2Fe3þ þO2� /2Fe2þ þ V2þ
o þ 1 =2O2 (3.8)

2Bi3þ þ 3O2�/2ðVBiÞ3þ þ 3ðVOÞ2þ þ Bi2O3 (3.9)

But at higher frequencies, this space charge polarizations disappear, so the value of the
dielectric constant decreases. The values of the dielectric constant increased with the Eu3þ

doping and the values of ε0 at the frequency 1 KHz given in Table 3.3.

FIGURE 3.8 The variation of dielectric constant of the Bi1�xEuxFeO3 (x ¼ 0, 0.01, and 0.02) samples in the ac
(100 Hze2 MHz) frequencies.

3. Result and discussion 51

I. Energy applications of nanomaterials



The dielectric leakage of the Bi1�xEuxFeO3 (x ¼ 0, 0.01, and 0.02) samples are also decreases
with an increase in applied ac frequency, and it is illustrated in Fig. 3.9. This decrease in ε

00

with increase in frequency is explained by the Koop’s phenomenological theory.26 The value
of the ε00 (1 MHz) increases with increase in concentration of the Eu3þ ions, given in Table 3.3.
This is due to the increase in the migration of the ions by structural inhomogeneity and va-
cancy type defects in the samples.16,26

3.4 Magnetoelectric coupling properties

The electric polarization in a material in the presence of external magnetic field is
referred as the magnetoelectric (ME) coupling property of the material.27,28 The

FIGURE 3.9 The variation of dielectric leakage ε
00 of the Bi1�xEuxFeO3 (x ¼ 0, 0.01, and 0.02) samples in the ac

(100Hz e 2 MHz) frequencies.

TABLE 3.3 The values of dielectric constant and leakage at 1 KHz of the Bi1�xEuxFeO3
samples.

Sample ε
0

ε
00

BiFeO3 310.4066 400.3394

Bi0.09Eu0.01FeO3 464.2871 598.803

Bi0.08Eu0.02FeO3 485.6705 626.3817

3. Rare earth doped BiFeO3 multiferroic system: optical, dielectric, and magnetoelectric coupling properties and applications52

I. Energy applications of nanomaterials



multiferroic material possess ME coupling properties at room temperature. The synthe-
sized nanoparticle samples are pelletized and make electric contact by pasting silver paste
on the both sides of the pellet. It placed in the middle of the Helmholtz coil that excited by
an external ac magnetic field (Hac in Oested). Fig. 3.10 represents the magnetoelectric
coupling voltage of Bi1�xEuxFeO3 (x ¼ 0, 0.01, and 0.02) samples as a function of applied
ac magnetic field (Hac) at a fixed frequency of 750 Hz with a dc constant bias field (Hdc)
of 3500 Oesterd.

The magnetoelectric coupling coefficient (aE) can be calculated from the slope of the ME
voltage versus Hac curve, the valueaE of the samples is given in Table 3.4.

The value of aE increases with doping Eu3þ because the ferroelectric and magnetic inter-
actions in the lattice increase with the presence of rare-earth ions.16

FIGURE 3.10 The magnetoelectric coupling voltage of Bi1�xEuxFeO3 (x ¼ 0, 0.01, and 0.02) samples as a function
of applied ac magnetic field frequencies.

TABLE 3.4 The values of magnetoelectric coupling coefficient of the
Bi1�xEuxFeO3 samples.

Sample ME coupling coefficient (aE)

BiFeO3 0.009

Bi0.09Eu0.01FeO3 0.010

Bi0.08Eu0.02FeO3 0.016
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4. Conclusion

Replacing the rare earth ion in place of the Bi3þ ions helps to improve the uniformity and
purity of the samples. The impurity phase of Pbam-Bi2Fe4O9 was eliminated by doping of
Eu3þ ions. Crystalline size, lattice parameter, and unit cell volume were also reduced by
this rare-earth doping. The optical property is increased as the band gap decreases due to
the formation of additional energy levels between the valence and the conduction band.
Therefore, these materials have extensive applications in semiconductor device
manufacturing and nanophotonics. Eu3þ ions in the BFO system enhance the electrical and
magnetoelectric coupling properties. Overall, these rare-earth doped BFO nanoparticles are
important in the field of smart nanotechnology and in the field of spintronics.
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Carbon nanostructures for energy
generation and storage
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Institute of Technology Calicut, Kozhikode, Kerala, India

1. Introduction

One of the most serious problems being faced by humanity today is the rise of carbon di-
oxide (CO2) levels in the atmosphere. The level of CO2 in the atmosphere in September 2022 is
415.95 ppm as per the information from the website co2.earth. Another surprising fact is that it
is the highest level of CO2 that has been observed in the past 800,000 years. Even if the CO2
emissions stop today, this level would take another 1000 years or more to self-mitigate! Car-
bon dioxide is one of the major greenhouse gases causing global warming. Another impact of
the increase in CO2 is the acidification of ocean water. Ocean acidification is defined as the
decrease in pH of the ocean as a result of CO2 uptake (Fig. 4.1A). This could lead to the disso-
lution of shells of marine organisms thus impacting biodiversity adversely (Fig. 4.1B).1 In this
scenario, the CO2 emissions due to anthropological activities need to decelerate. This can be
done only by shifting the emphasis on fossil fuels to renewable energy generation and storage
techniques. Some of these techniques have been prevalent since the early times. However, the
gap between the power generation efficiencies and cost considerations of these renewable en-
ergy devices is the main factor for their limited availability in the commercial market. The
advent of nanotechnology has opened many attractive avenues for better construction and
efficiencies in addition to the reduced cost of these devices. This could pave way for a sustain-
able energy infrastructure.

The application of nanomaterials in energy generation and storage has been studied exten-
sively. Graphene,2 carbon nanotubes,3 fullerenes,4 and carbon onions,5 are some commonly
used carbon-based nanomaterials. These materials exhibit interesting properties like good
electrical conductivity, high surface area to volume ratio, and high porosity. In addition to
this, they also act as good supports for both organic and inorganic catalysts.6
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This chapter will discuss the basics and applications of nanomaterials with regard to some
highly researched energy generation devices like methanol and enzyme fuel cells, photocata-
lytic, electrochemical, and photoelectrochemical hydrogen evolution reactions through water
splitting and energy storage devices like supercapacitors.

2. Energy generation

Renewable energy generation techniques have been the object of extensive research as a
green energy technology. Some of the major technologies are the production of hydrogen
through water splitting, electrochemical energy conversion devices like fuel cells, solar en-
ergy harvesting, vibrational energy derivation using piezoelectric materials, wind energy har-
vesting using wind turbines, and energy from biomass. Among these techniques, this chapter
focuses on energy from hydrogen produced through water splitting and electrochemical en-
ergy harvesting and storage devices.

2.1 Production of hydrogen through water splitting

Hydrogen is a highly flammable diatomic gas that possesses a high energy density
(120e140 MJ/kg). Hydrogen can be produced from water and the combustion product of
hydrogen is water. A combination of these factors makes hydrogen fuel of choice for power-
ing the transport sector. The first successful demonstration of hydrogen evolution through
water splitting was reported by Akira Fujishima and Kenichi Honda in 1972.7 The Honda
and Fujishima model involved light falling on a TiO2 electrode whose band gap is in the
range of the incident photons (Fig. 4.2). This led to electron-hole pair (exciton) formation.
The electrons are shuttled through the outer circuit to the platinum black (PB) electrode
and the holes formed oxidize water into Hþ ions and O2 at the TiO2 electrode. The Hþ

ions formed move over to the PB electrode and undergo reduction to form hydrogen.

FIGURE 4.1 (A) Data acquired by PMEL carbon program, national oceanic and atmospheric administration
(NOAA), United States government; (B) SEM image showing shell dissolution in a pteropod. Adapted with permission
from The Royal Society Publishing: Proceedings of the Royal Society B, Limacina helicina shell dissolution as an indicator of
declining habitat suitability owing to ocean acidification in the California Current Ecosystem, Bednar�sek N, Feely RA, Reum
JCP, Peterson B, Menkel J, Alin SR, Hales B. Limacina Helicina shell dissolution as an indicator of declining habitat suitability
owing to ocean acidification in the California current ecosystem. Proceed Royal Soci B: Biol Sci 2014;281(1785):20140123.
https://doi.org/10.1098/rspb.2014.0123. (Copyright, 2014).
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Some of the major challenges that are associated with hydrogen production through water
splitting are the bandgap of the catalyst involved, the surface area of the electrodes, and the
electron-hole recombination.

2.1.1 Types of water splitting reactions

Water splitting can be achieved through many routes such as photocatalytic, electrocata-
lytic, and photo electrocatalytic water splitting.

(1) Photocatalytic water splitting: In the photocatalytic method, water splitting occurs as a
result of the formation of excitons by the absorption of incident photons. Here the
bandgap of the material is very important. Depending on the energy of the incident
photon, a careful selection of the material needs to be carried out. In the case of UV
light-harvesting a band gap of above 3 eV is required. However, for visible light har-
vesting a band gap of <3 eV is sufficient.

An ideal photocatalyst is such that:

(a) It should have a bandgap that exceeds the free energy of water splitting i.e., 1.23 eV,
(b) The valence and conduction band edges for the photocatalyst should be lower than the

water oxidation potential and higher than the hydrogen reduction potential,
respectively,

(c) The photon absorption coefficients of the material should be high so as to generate a
high yield of charge carriers, and

(d) Low recombination rate of the electron-hole pair.

The use of carbon-based nanomaterials like graphene, carbon nanotubes (CNTs), carbon
quantum dots, and graphitic-carbon nitride (g-C3N4) can improve the performance of photo-
catalytic water splitting by decreasing charge recombination, enhancing visible light absorp-
tion, and enhancing the surface area of the catalyst.8,9

(2) Electrocatalytic water splitting: Electrocatalytic water splitting is a process where the
splitting of water is done electrochemically. The electrocatalytic water splitting involves

FIGURE 4.2 Schematic of the
photoelectrochemical cell for water
splitting used. Redrawn by permis-
sion from Fujishima A, Honda K.
Electrochemical photolysis of water at
a semiconductor electrode. Nature
1972;238(5358):37e38. https://doi.
org/10.1038/238037a0 (Copyright,
1972).
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the hydrogen evolution (HER) on the cathode and the oxygen evolution reaction (OER)
on the anode. The energy required for water splitting is 237 kJ/mol under standard
conditions. A potential of 1.23 V is required/electron that is transferred.

The reactions taking place in acidic and alkaline media are:

The HER process can be divided into three steps in both these media, Volmer reaction
(hydrogen adsorption reaction), Heyrovsky reaction (electrochemical hydrogen desorption
reaction), and Tafel reaction (chemical desorption reaction).

In the selection of the materials for electrocatalytic water splitting, Trasatti plotted a loga-
rithm of exchange current densities vs metal hydrogen bond strength, which is known as the
volcano plot. This plot enables one to compare the activities of various catalysts.10,11 The use
of conducting carbon-based nanomaterials materials like CNT, and graphene in conjunction
with both platinum group metals (PGM) and transition metal catalysts can bring about a rev-
olution in electrocatalytic water splitting.

(3) Photoelectrocatalytic water splitting (PEC): This process is a combination of photoca-
talytic and electrocatalytic water splitting. In photoelectrocatalytic water splitting, the
material is coated onto a conducting electrode. Applying potential in presence of light
leads to HER. The potential that needs to be applied here is shifted to lower values in
the case of appropriately modified electrodes. Here the photogenerated holes migrate
to the anode and oxidize H2O. The reaction sites i.e., the two electrodes in this process
are separated spatially, and hence products H2 and O2 can be collected separately. A
major highlight of this method is that its performance is at par with the fossil fuel-
based technologies provided the solar light is used as the light source and solar to
hydrogen (STH) conversion efficiency reaches 10%. In terms of performance evaluation
for a PEC system, the STH is a product of light absorption efficiency (habs), charge sep-
aration efficiency(hsep), and the injection efficiency of the photogenerated charge car-
riers (hinj). In summary, in order to achieve an efficient PEC water splitting there must
be (i) a broad light absorption range for efficient light utilization, (ii) efficient transfer
of charge from the bulk of the photoelectrode to the surface, (iii) rapid consumption of

Total reaction

H2 þO2/H2O (4.1)

In acidic medium,

Cathode 2Hþ þ 2e�/H2 (4.2)

Anode H2O/2Hþ þ 1
2O2 þ 2e� (4.3)

In alkaline medium

Cathode 2H2Oþ 2e�/H2 þ 2OH� (4.4)

Anode 2OH�/H2Oþ 1
2O2 þ 2e� (4.5)
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the photogenerated carriers for the surface reaction with minimum overpotential, and
(iv) Excellent durability for practical applications.

2.1.2 Carbon nanomaterials for water splitting reactions

The inclusions of carbon nanomaterials mainly MWCNT, reduced graphene oxide (rGO)
and carbon nitride(C3N4) for water splitting reactions have been reported to enhance the ef-
ficiency of the process. These materials are known to improve the efficiency of HER and OER.
The general advantages of carbonaceous materials are their good electrical conductivity,
good mechanical properties, and light weight, which is hard to be matched by other catalysts.
Among the carbon nanomaterials, the most commonly reported ones for water splitting
include rGO, CNTs, and graphitic carbon nitride(g-C3N4). A concise account of their applica-
tions for water splitting is given in the succeeding sections.

2.1.2.1 Carbon nitrides

Carbon nitrides contain tris-triazine rings connected by planar amino groups. It consists of
a network of sp2 bonded CeN structures and behaves like a semiconductor. Carbon nitride
exists in many analogous structures a forms, b forms, and graphite-like carbon nitride, which
is also called graphitic carbon nitride (g-C3N4). The bandgap of g-C3N4 is 2.7 eV, which is
energetically favorable for visible light water splitting reactions.12,13 It has been proved using
density functional theory (DFT) that even without the absence of any metal centers it is
possible to split water using this catalyst. The carbon act as centers for proton reduction to
H2 gas and nitrogen acts as surfaces for oxidation of water to oxygen (O2). Wang et al. re-
ported H2 production from water for the first time for g- C3N4 from cyanamide at a rate of
0.1e4 mmolh�1. This was increased further by the same group by adding a small amount
of platinum (Pt), which facilitates electron transfer from the conduction band of g-C3N4 to
Pt. This was reported to improve the H2 production by about a factor of 7.12 Concomitantly,
Chen et al. synthesized a mesoporous g-C3N4 (similar to Vinu et al.14). They synthesized or-
dered mesoporous polymeric g- C3N4 (from cyanamide) and was investigated for hydrogen
evolution from water splitting in the presence of visible light and Pt as the cocatalyst. The rate
of evolution was 8.5 mmolh�1, which was greater than bulk g- C3N4.

15 Among a lot of prelim-
inary work on carbon nitride (CN) done by Markus Antonietti et al., the synthesis of different
morphologies of CN was also reported.16 These morphologies were generated using diatom
frustules which acts as nucleation sites. Depending on the ratio of the precursor (cyanamide)
to the diatom different morphologies were obtained. The H2 evolution reaction of the
different morphologies that were obtained was highest for diatom to cyanamide ratio of
0.5 which is in the range of 14 mmolh�1.17 The iodine doping has been shown to improve
the photocatalytic activity.18 On adding functionalities to g- C3N4, the absorption wavelength
range of the material was found to vary.19 Hong et al. observed that the use of sulfur-
containing precursors like thiourea (TU) resulted in the presence of sulfur in the final product,
which led to the modification of the electronic band gap. The synthesis was carried out in the
presence of SiO2 as the template, which led to the formation of mesoporosity. A synergy be-
tween the porosity and sulfur content led to a hydrogen evolution rate of 136 mmolh�1, which
was one of the highest reported in the literature.20 Doping of C3N4 with P, S, O, and N atoms
is a versatile method to improve it’s hydrogen evolution activity.21e24
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Metal-doped carbon nitrides have also been reported like the cobalt phthalocyanine (Co-
Pc) based g-C3N4, which has been inspired by chlorophyll and protohematin in which the
structures are formed using metal (Mg and Fe) and N bonds. The same ideology has been
used here where the Co -Pc and melamine on subjecting to high-temperature forms bonds
between Co and nitrogen of the melamine, followed by polymerization to form Co-doped
g-C3N4. The metal phthalocyanine can also form a p -p bond with the carbon nanostructures
leading to improved hydrogen evolution activity (Fig. 4.3).25 The HER activity of this material
was found to be 28 mmolh�1 which is higher than pristine g-C3N4.

In addition to doping the formation of assemblies of various morphologies of low dimen-
sional g-C3N4s is reported. Jun et al. have reported on the synthesis of nanoparticles, nano-
tubes, and nanosheets of g-C3N4s and used for HER.26 The HER evolution rates of the
developed materials are in the range of 200e300 mmolh�1. The composite of metal oxide
semiconductors with g-C3N4 also have been reported with improved activity.27

There have been multiple studies based on the HER of g-C3N4 synthesized using a va-
riety of techniques. In all of these it has been found that the alteration of the band structure
of g-C3N4 in addition to an increase in surface area has contributed to optimum perfor-
mance. In addition to the above-mentioned techniques, there have been innumerable re-
ports on the improvement of HER using g-C3N4 like defect engineering where the
structure of a purely crystalline material is disrupted by a chemical modification,28 com-
posites with plasmonic metals like Au and Ag,29 composites of g-C3N4 with bimetallic
crystals etc. There have also been reports of composites of g-C3N4 with CdS where the
nanosheets of the C3N4 were decorated on the lateral surface of the CdS. The HER, in
this case, was 83 mmolh�1. This was attributed to the synergy between the well-matched
overlapping band structures, which facilitates charge separation.30 A comprehensive
report of the different strategies of application of C3N4 can be obtained from the review
works by Guangfu Liao et al.31 A summary of the existing literature reported for HER us-
ing g-C3N4 is presented in Fig. 4.3B.

FIGURE 4.3 (A) Band structures of different carbon nitrides (rpgdregenerated g-C3N4 by protonation and
deprotonation; mpgdmesoporous g-C3N4; Fe-g-C3N4diron doped g-C3N4). (B) Schematic diagram of the synthetic
methods of g-C3N4 (inner circle) and it’s different nanostructures and composites applied for HER (outer circle).31

Redrawn by permission from John Wiley and sons; Zhang Y, Antonietti M. Photocurrent generation by polymeric carbon nitride
Solids: an initial step towards a novel photovoltaic system. Chem Asian J 2010;5(6):1307e1311. https://doi.org/10.1002/asia.
200900685, (Copyright, 2010), Chen PW, Li K, Yu YX, Zhang WD. Cobalt-doped graphitic carbon nitride photocatalysts with
high activity for hydrogen evolution. App Surf Sci 2017;392:608e615.
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2.1.2.2 Carbon nanotubes, their modifications, composites as catalysts for water splitting reactions

One of the initial reports about the use of CNTs for water splitting was performed by Guo
et al. who used a camera flash as the excitation point for the splitting of water between chan-
nels of single-walled carbon nanotubes (SWCNTs). This was attributed to the absorption of
photons by the water molecules and the SWCNTs leading to the generation of O and H
atoms. The basis for this was thermo splitting of water.32 In order to enhance the visible light
activity of TiO2 and also to enable better separation of electron-hole pairs, a composite of
multi-walled carbon nanotubes (MWCNTs) and TiO2 have been prepared by Dai et al.33

The visible light hydrogen evolution rates of 8092.5 mmol/g/h were reported. PEC cells
are a conventional way of exploring water-splitting reactions.7 Kim et al. fabricated a PEC
cell that used CNT decorated with metals as cathode instead of the conventional metal-
based electrodes. the p-type character of CNTs is explored here. Conventional P types of elec-
trodes were found to be highly corrosive in water whereas, CNTs are found to be
noncorrosive.

A crucial strategy to improve the efficiency of water splitting reaction (water oxidation)
was reported by Toma et al. They modified MWCNT with polyamidoamine ammonium
(PAMAM) dendrimer. Later an electrostatic immobilization strategy was used by using the
positive charge on top of the dendrimers to trap anionic ruthenium-containing clusters.
The improvement in the number of these clusters would improve the water oxidation capa-
bility. The oxygen production efficiency was found to enhance in the case of the MWCNT
modified PAMAM dendrimers that contained the ruthenium clusters (Fig. 4.4).34 Another
report on the same ideology was reported by Fei Li et al. who used a single ruthenium

FIGURE 4.4 (A), (B) Schematic diagram of the mechanism of water oxidation using ruthenium cluster embedded
in organic molecules which are used to modify MWCNT. Reprinted with permission from Toma F, Sartorel A, Iurlo M
et al. Efficient water oxidation at carbon nanotubeepolyoxometalate electrocatalytic interfaces.Nat Chem 2010;2(10):826e831.
https://doi.org/10.1038/nchem.761 (Copyright, 2010); Reprinted by permission from John Wiley and Sons; Li F, Zhang B, Li X,
Jiang Y, Chen L, Li Y, Sun L. Highly efficient oxidation of water by a molecular catalyst immobilized on carbon nanotubes.
Angew Chem Int Ed 2011;50(51):12276e12279 (Copyright, 2011).
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catalyst linked with CNT-modified ITO for water splitting. This catalyst was linked to
MWCNT using pyrene linkages which further improved the conductivity of the material.
The onset for water oxidation was found to be 1.15 V (0.3 V over potential). The highest cat-
alytic current was observed at an overpotential of 0.28 V. At 1.4 V however, both O2 and H2
bubbles were seen at the working and counter electrode respectively (Fig. 4.4).35

A visible light active polymer catalyst was synthesized by the polymerization of the 1,3,5
triazine-2,4,6 trithiol as the precursor in the presence of iodine.36 HER experiments were per-
formed using this catalyst in combination with ruthenium and SWCNT as cocatalysts. The
HER rate was found to improve on using CNTs and ruthenium which was attributed to
the efficient charge separation achieved by using these materials as cocatalysts.

It can be seen from the report that semiconducting CNTs contributed more toward the
photocatalytic activity than their metallic counterparts.37 The polymerization of cyanamide
to synthesize g-C3N4 in the presence of CNTs create a reinforcement that leads to better ac-
tivity. The % of MWCNT impacts this HER rate which is found to be highest at 0.5% of
MWCNT. Beyond this value, the MWCNT was found to be detrimental to HER.38

A composite of CNTs and graphene can form a conduction expressway that facilitates
charge separation.39 The presence of CNT acts as a spacer to induce the separation of gra-
phene sheets. Furthermore, the presence of insulating edges in polycrystalline graphene
can hinder the charge transfer process. The CNTs can act as subpercolation networks and
induce efficient charge separation. The contact area between catalytic nanoparticles is also
increased by using this 3D composite. As a result of using this composite, the efficiency of
HER is increased up to 530% at 1.23V (325 mA/cm2). An enhancement factor of 3e7 was re-
ported for acid-treated materials in the case of HER. Single-walled CNTs showed enhanced
properties before and after acid treatment.40 Transition metal chalcogenides have always
exhibited a higher photocatalytic activity.41 A composite of MWCNT and MoS3 is a good
catalyst for water-splitting reactions. Lin et al. used this composite to optimize the loading
of MoS3 on MWCNT and were successful in producing HER with a smaller over potential
of 0.13 V.42 CNTs have also been used in quaternary composites of CdS, Pt, and TiO2. The
role of Pt and CNT is that of charge separators where the loading of these two should be opti-
mized for optimum HER.43

In addition to this, another N-doped CNT based polyhedron was used to embed CoP
nanoparticles.44 The CoP embedded carbon is responsible for exhibiting HER processes.
The CNTs, which are present on the surface of the catalyst play a positive role in terms of
functionality. Works on transition metal carbides along with CNTs have also been reported
recently. Ouyang et al. reported cobalt and b-Mo2C embedded in N-doped carbon nanotubes
for HER reactions. The overpotential to achieve 10 mA/cm2 was 170 mV. The role of CNTs,
in this case, was the protection of the nanoparticles from alkaline corrosion and also the pro-
vision of fast electron transport between the carbon matrix and nanoparticles.46

Very recently C60 was adsorbed on SWCNT for use as a metal-free and pH universal cata-
lyst for HER. The role of CNT is that of an electron acceptor. This can be explained in terms of
the bandgaps for SWCNT and C60, which have bandgaps in the visible region. This enabled
the catalyst to perform well for HER in visible light. The onset overpotential for this catalyst
was reported to be 60mV. The catalyst was reported to be a trifunctional catalyst for HER,
OER, and ORR.47
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In summary, there are many effective strategies that have been employed to use CNTs as
part of water splitting reactions. Some of the methodologies have been discussed above. In
addition to this, there are more avenues that have been explored for the application of
CNTs in water splitting. One of the major roles of using CNT in almost all reports is to act
as an effective charge separation agent in case of photocatalytic water splitting. In the remain-
ing two cases i.e., photoelectro catalytic and electrocatalytic water splitting it has been shown
extensively that CNTs help in enhancing the transfer of electrons to the active sites in addition
to acting as protecting agents from the high pH environments that are present in the electro-
lytes in case of acid and basic pH electrolytes. The recent trends in literature can be summa-
rized as pointing toward N doping of CNTs which has shown immense potential for HER
applications.

2.1.2.3 Graphene-based materials, their composites as catalysts for water splitting reactions

The addition of graphene sheets improves the electronic conductivity and surface area of
the catalyst. Zhang et al. have synthesized a TiO2dgraphene sheets (GSs) based composite
for HER. The effect of annealing temperatures and annealing atmospheres was also studied.
The highest HER was reported for the 5wt% of GSs. N2 atmosphere has been preferred for
annealing because of the creation of O2 vacancies which act as electron traps and cause effi-
cient HER.48 The addition of graphene in many cases is to acts as a separator of the electron-
hole pairs that are generated during the irradiation process. A similar explanation for the role
of graphene was reported by Cheng et al. who used a solvothermal method for the synthesis
of rGO, TiO2 nanocomposite.49 The doping of nitrogen is reported to induce high HER activ-
ity in the materials.50

Graphene has always attracted attention in the water splitting area because of it’s layered
structure, low cost, structural tunability, and high conductivity. More importantly, doped-
graphene has been gaining momentum because of its n-type characteristics which assist in
the promotion of hole transfer for water oxidation. It also helps in the tailoring of the band
gap of semiconducting photocatalysts and also in hindering the electron pair recombination
rates. More importantly, graphene derivatives like reduced graphene oxide are negatively
charged which makes it an ideal material for metal oxides to adsorb on.51,52

Recently other 2D materials like exfoliated black phosphorous (EBP) have been reported
for making composites with nitrogen-doped graphene. This composite has shown to be a
good catalyst for overall water splitting (a combination of both OER and HER). This compos-
ite has displayed an enhancement in its activities due to the lower fermi level of EBP relative
to N-doped graphene. A directional interfacial electron transfer is induced, which improves
the electron density over EBP and enhances the adsorption/desorption of H. The overpoten-
tial for HER reported for this material is 191 mV to afford a current density of 10 mA/cm2.53

Transition metal sulfides like MoS2eNiS2 have been deposited over 3D graphene foam for
overall water-splitting reactions. The 3D graphene presents a unique 3D interconnected struc-
ture leading to better water splitting. The catalyst loading can be increased because of the large
surface area and also fast kinetics for mass and electron transfer is possible. An overpotential of
172 mV has been attained for achieving a current density of 10 mA/cm2. The pathway followed
here is the Volmer-Heyrovsky pathway for the HER process.54 The N doping of CNTs had
resulted in lowering energies for the adsorption of H* on an N doped CNT-rGO composite.55
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It was reported that the oxygen dopants would improve the activity of OER and HER.56

There have been many interesting works reported with doped graphene and transition metal
phosphides. They have shown improved HER characteristics.57e59 Taking advantage of the
defect sites in carbon quantum dots and combining this with graphene has also shown to
be good catalysts for HER with an overpotential of 194 mV.60 Different morphologies of gra-
phene have also been combined together, for instance, hydrogels of graphene have been com-
bined with B-doped graphene quantum dots which exhibited an overpotential of 130 mV.61

Heteroatom codoped graphene has been used for electrochemical water splitting. The N, S
codoped graphene was activated by ZnCl2 to enlarge the specific surface areas. The HER
overpotential reported in this case was 0.29 V (vs. RHE).62 Graphene has also been used in
combination with CNTs and TiO2 for water-splitting reactions. The role of graphene and
MWCNT was to promote the generation of Ti3þ and also promote oxygen vacancy formation
in turn reducing the bandgap of anatase TiO2.

63 Recently there also have been ternary and
quaternary junctions of other materials with graphene which have been utilized for the
same process. A detailed account of various literature published in this area can be studied
from various reviews published on this topic which elucidate various trends in this field
(Fig. 4.5).64,65

In summary, the role of carbon-based nanomaterials for water splitting is a long-standing
success story that could be attributed to the cost effectiveness, resistance to corrosive condi-
tions, high conductivity, and easily tailorable morphologies that can be attained. From a
comprehensive understanding of the literature, it can be concluded that the role of carbon
nanostructures is increasing and is currently aligned toward hetero atom doping of different
carbon nanostructures working synergistically with transition metal-based compounds for
achieving efficient overall water splitting.

FIGURE 4.5 Schematic dia-
gram of doping and hybrids of
graphene applied for HER (outer
circle).64,65
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2.2 Fuel cells

The history of fuel cells is one avenue that has been continuously developing. The first fuel
cell was developed by William Grove in 1839. This was followed by the development of a
5 kW system by Professor Francis Bacon in 1932. A 15 kW bacon cell was fitted to an Allis-
Chalmers tractor. Later on, these fuel cells developed by General Electric were used to power
manned space missions on the Apollo spacecraft. These fuel cells were proton exchange
membrane fuel cells (PEMFCs).

Succeeding this many fuel cell technologies were devised, which were mainly aimed at
alternative energy-powered drive trains for automotive. These include the PEMFCs devised
by Ballard, soldier-borne fuel cell devices to power electronics, and many other industries,
which came up due to the rise in optimism related to the fuel cell industry. Car makers
like Daimler, Toyota, and General Motors were prime players in this process. This interest
in fuel cell technology has resulted in a huge amount of funding in this area, particularly
in the area of stationary and mobile fuel cell technologies.

A fuel cell is an electrochemical energy generator that uses the chemical energy present in
fuel and converts it into electricity through an oxidizing agent like air or O2. Depending on
the kind of electrochemical reactions, the electrolytes that are used, and the operation temper-
atures there are different types of fuel cells. In order to cover the scope of this chapter, we will
be classifying fuel cells depending on the power densities which can give us a clear idea
regarding the applications they can be used for.

Since this chapter deals with both energy generation and storage devices a basic under-
standing of the position of various energy generation and storage devices in terms of energy
density and power density is essential. A plot that makes this comparison (between energy
density and power density) is known as the Ragone plot where the energy available per
unit mass (energy density) is plotted against how quickly the energy can be delivered (power
per unit mass, power density) (Fig. 4.6A). It can be observed that fuel cells possess a high en-
ergy density whereas supercapacitors possess a higher power density. This means that fuel
cells are capable of delivering their performance over longer durations whereas supercapaci-
tors have a very short discharge per unit time. Li-ion batteries bridge the space between
supercapacitors and batteries. However, in comparison to fossil fuel-based internal combus-
tion systems, these renewable energy systems are less efficient and research in these areas are
aiming to fill this gap by developing more efficient nanomaterial-enhanced systems. To start
with, we will be discussing more fuel cells in the upcoming sections.

2.2.1 Direct methanol fuel cells (DMFC)

Among the different types of fuel cells that exist (Fig. 4.6B) the direct methanol fuel cells
(DMFCs) are suitable for portable applications ranging from a few millwatts (mW) to kilo-
watts (kW). The major reason for the selection of methanol as a fuel is due to its high energy
density, operational safety, low cost, and ease of transportation. More importantly, the rela-
tive ease with which it can be stored compared to hydrogen is a decisive factor in the popu-
larity of this fuel.

Fig. 4.6C shows a schematic diagram for the general setup of a methanol fuel cell. Meth-
anol is fed into the anode compartment where it is oxidized to CO2, H

þ, and e�. The Hþ ions
pass through the proton exchange membrane (PEM) and enter the cathode compartment
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where it combines with oxygen to form water. The reactions that take place in a methanol fuel
cell in the acidic medium are given below:

CH3OHþH2O/CO2 þ 6Hþ þ 6e� Eo
anode ¼ 0.046V (4.6)

3
2
O2 þ 6Hþ þ 6e�/3H2O Eo

cathode ¼ 1.23V (4.7)

The overall reaction is given by:

CH3OHþ 112O2 þH2O/CO2 þ 3H2O Ecell ¼ 1.18V (4.8)

The oxidation of methanol on the anode side takes place on the surface of catalysts. The
common catalyst employed for methanol oxidation reaction (MOR) is platinum (Pt). The
cost involved in using this material for MOR is high and hence research is currently progress-
ing to find an alternative catalyst. The active surface of Pt is prone to poisoning due to the
adsorption of carbon monoxide (an intermediate formed during methanol oxidation). This

FIGURE 4.6 (A) Ragone plot showing the comparison between carious energy generation and storage devices (B)
Schematic diagram of the classification of fuel cells according to their applications (B) (C) Schematic representation of
a methanol fuel cell. Redrawn with permission from Martin Winter, Ralph J Brodd. What are batteries, fuel cells, and
supercapacitors? Chem Rev 2004;104(10):4245e4270, (Copyright, 2004) American chemical society.
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process is commonly referred to as “poisoning”. This happens at potentials below 450 mV
where CO is bonded on the surface which impedes the further chemisorption of methanol
on the catalyst surface. In order to avoid this process and also induce cost-effectiveness of
the catalyst, research is directed toward reducing the loading of platinum and also finding
out other alternatives to this catalyst. The role of carbon-based materials in this context is
very important as primarily materials like CNT, graphene-based materials are being used
as support materials for this for the alternative catalysts that are being studied. From the cath-
ode point of view, a lot of carbon-based materials have been used as catalysts for oxygen
reduction reaction (ORR). There are extensive reviews that have been written on using
carbon-based materials for ORR reactions.66 This section aims to briefly summarize the appli-
cation of carbon materials on anode and cathode side of the DMFC.

2.2.2 Carbon-based materials for methanol oxidation reactions (MOR)

2.2.2.1 Carbon nanotubes (CNTs) and related structures for MOR

The primary carbon materials that are actively considered as a support for catalysts are
CNTs. The combination of CNTs with different catalytic materials has been reported
extensively.

CNTs were used as anchors for one-dimensional Pt nano thorns. The nano thorns were syn-
thesized by an air-water interface process. A synergistic effect of the Pt and CNTs contributed to
a high current density for MOR. An increase in electrochemical active surface area due to the
presence of CNTs is seen from the higher activity of the Pt nano thorns assembled on
CNTs.67 In another work, TiN nanoparticles were anchored on CNTs, and deposition of plat-
inum was done over this material. The current density of this material was 6.22 times higher
than that obtained for Pt/C.68 Palladium is another commonly reported catalyst for methanol
oxidation. Yan et al. have used PdePt nanoparticles deposited over polyaniline-coated CNTs.
The MOR current reported for this catalyst was 62.3 mA/cm2 at a low onset potential of 0.36
V(vs. SCE).69 In all of these reports, the role of CNTs is that of efficient catalyst support by
reducing the poisoning effect of CO intermediate on Pt nanoparticles. The high conductivity
of carbon materials is also leading to better electronic communication between the electrode
and the deposited catalyst.

Among the transition metal-based compounds, MoS2 and M-Xenes have been
capturing attention recently because of their layered structure. A combination of the
quantum dots of these materials was combined with MWCNT for acting as a dual cata-
lyst for both MOR and ORR. Yang et al. reported a current density of 160 A/g for this
material which was higher than that of all constituent combinations. In this case, the ac-
tivity was linked to the mass of MoS2 where an excess of MoS2 would lead to aggregation
and when maintained at an optimum ratio this value would lead to an increase in the
active site for catalysis.70

Another area that is witnessing a high influx of reports in the case of MWCNT is the
doping of MWCNT with heteroatoms. This leads to modification of the electronic structure
thus increasing the surface binding sites. It also leads to decreasing of the activation of en-
ergy of the reactions and also takes part in the destruction of poisoning intermediates.
Doping with both S and N leads to the generation of a greater number of electrochemically
active sites leading to more efficient catalysis. NiO nanoparticles loaded onto S, N dual
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doped CNTs lead to a MOR current of 2200 mA/mg which was higher than the same
nanoparticles loaded on pristine CNTs. The doping was reported to provide a greater
number of sites for the anchoring of the NiO nanoparticles. In addition to this doping
also acted as size restraint to limit the size growth of the nanoparticle thus exposing a
greater number of catalytic surfaces. It also served to promote electron transportation
from the electrode surface in addition to the oxidation of adsorbed intermediate species
thus increasing the stability of the catalyst.71 An S-doped CNT material was used to sup-
port Pt nanoparticles. S doping was carried out by poly (3,4-ethylenedioxythiophene)
(PEDOT). The Pt nanoparticles of size 2 nm were uniformly distributed over the doped
CNTs. The current density of this material was 322.44 mA/mg of Pt.72 Zhou et al. reported
a novel Ni doped TiN modified N doped CNTs as a support for Pt catalysts. There existed
a strong electrical coupling between TiN and N CNTS network which enabled the fast elec-
tron transfer during MOR.73

2.2.2.2 Graphene and related structures for MOR

Graphene possesses a layered structure that can act as support for catalytic nanoparticles.
Defect-free graphene synthesized by electrochemical exfoliation of a graphite rod in PSS so-
lution was reported and Pt was deposited on this. It was also proven that the CO tolerance of
graphene Pt is greater than bare Pt leading to improved performance of the material.74 (100)
plane of Pt was reported to possess lower poisoning and hence higher MOR capability. Uti-
lizing this strategy we have coelectrodeposited Pt (100) on reduced graphene oxide (rGO).
This report also showed the influence of the number of electrochemical cycles for deposition.
When this material was deposited for one cycle a high mass activity of 2.54 A/mg at 0.67 V
was obtained for MOR.75 In addition to Pt nanostructures of Pd in combination with Pt were
also grown on top of graphene. Xie et al. carried out the alternate deposition of Pt and Pd on
graphene and used the resultant material for MOR. It was found that the material possessed
tolerance to CO because of the presence of Pd. The current density for MOR was found to be
25 mA/cm2.76 Recently platelets of Pd were prepared by Yang et al. and used for MOR.77 The
use of MXenes (Ti3C2Tx) in combination with reduced graphene oxide was prepared in a
bottom-up approach. Platinum nanoparticles were self-assembled on these structures using
hydrothermal treatment. This material displayed a high MOR mass activity of 1200 mA/
mg.78 There have been numerous reports in addition to these representative examples where
a combination of precious metals has been used for MOR.

Because of the high cost associated with the use of precious metal catalysts, there has been an
increasing trend toward the use of transition metal catalysts for MOR. Qiu et al. reported a strat-
egy for the decoration of allowing nanoparticles of Pt, M (¼ Fe, Co, Ni) on graphene support.
SiO2 nanospheres were used as sacrificial templates for the deposition of rGO. The removal of
SiO2 led to the formation of rGO nanospheres. Prior to this, the nanoparticles of Pt, M (¼ Fe, Co,
and Ni) were deposited on this support. This led to the formation of rGO sphere with Pt,
M (¼ Fe, Co, Ni) deposition. This material was then used for MOR and mass activity of
461.54 A/g of Pt was obtained for the PteFe-based material because of the improved electro-
chemical active surface area in the case of Fe-based material.79 It was also shown that the pres-
ence of metal-organic framework (MOF) enhances the surface area and charge transfer
properties.80 Another important class of material that could be considered for MOR among
the transition metal-based catalysts is the transition metal dichalcogenides (TMDCs).

4. Carbon nanostructures for energy generation and storage70

I. Energy applications of nanomaterials



A nonnoble metal electrocatalyst (CoS2/MoS2) was embedded into rGO. A fuel cell was built
using this catalyst as the anode material and PteRu/C as the cathode catalyst. The power den-
sity of the fuel cell was reported to be 20 mW/cm2 with an OCV of 0.35 V.81

As with the hetero atom doping of CNTs, there has been a large number of reports on the
doping of graphene also. N, S doped graphene was used as the support material for Pd nano-
particles. A thermal treatment process is followed for the doping of the graphene. A current
density of 14 mA/cm2 is achieved for this material which could be attributed to the N, S
doping.82 Recently An et al. reported the synthesis of an S, P codoped graphene as a support
for Pt nanoparticles (Fig. 4.7). A freeze-drying procedure was utilized for the development of
a 3D porous structure that supported Pt nanoparticles. The porous structure helped in the
enhancement of the catalytic activity due to the ability of the reactants to percolate inside
the pores. A MOR current density of 2.82 mA/cm2 with good tolerance to CO was observed
due to the presence of hydroxyl groups on the surface of the 3D structure.83 In a similar work,
N-doped rGO was used as the support for anchoring PtPd alloy nanoparticles. Hydroxypro-
line was used as the N dopant, reductant, and swelling agent for rGO. The PtPd alloy nano-
particles were anchored using a hydrothermal technique. A very high MOR activity of
115.5 mA/mg was obtained using this material.84

FIGURE 4.7 Representation of the mechanism for synthesis of the catalyst. Reprinted with permission from Ya-Cheng
Shia, Jiu-Ju Feng, Xiao-Xiao Lin, Lu Zhang, Junhua Yuan, Qian-Li Zhang, Ai-Jun Wang. One-step hydrothermal synthesis of
three-dimensional nitrogen-doped reduced graphene oxide hydrogels anchored PtPd alloyed nanoparticles for ethylene glycol
oxidation and hydrogen evolution reactions. Elsevier: Electrochimica Acta. (Copyright, 2019); Reported by An et al.
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2.2.2.3 Fullerenes and related structures for MOR

Fullerenes are another supporting material for anchoring catalytic nanoparticles for MOR. It
was found that the oxidation current for C60ePt composite is nearly double than that of bare
Pt.85 Very recently a composite of Au nanoparticles and fullerenes was synthesized by Bhavani
et al.86 The fullerenes were electro-reduced in KOH solutions to make them more conductive
followed by electrodeposition of gold nanoparticles. The material exhibited a high current den-
sity of 48 mA/cm2. A graphene fullero pyrrolidone hybrid was synthesized by Zhang et al.
who used this material as a support for Pd nanoparticles. This material when applied as a cata-
lyst for MOR produced a mass activity of 483 mA/mg.87 The applicability of this material to-
ward MOR is limited by its solubility in solvents. Substitution of the cage surface of this
material can be considered an effective strategy for it’s uses as electrode material for MOR.

2.2.2.4 Carbon nitrides and related structures for MOR

Carbon nitrides have also had immense applications in the field of MOR. The presence of
nitrogen-containing atoms in this material enhances the electron accepting ability which leads
to the polarization of the adjacent carbon atoms. A covalently coupled hybrid of rGO and g-
C3N4 was synthesized by Wenyao Zhang et al. The material exhibited a peak current density
of 1770 mA/mg which was higher than other combinations of the constituents (Fig. 4.8).88

Carbon nitride-based catalysts were also reported to possess an intermediate removal ability
because of the presence of electron-accepting nitrogen atoms.89,90

This section summarized in a concise manner the application of various carbon nanostruc-
tures for MOR applications. It could be seen that the application of these structures was as sup-
port materials for the anchoring of catalysts. More importantly, another observation that could
be made was that the application of carbonaceous nanostructures improved the poisoning

FIGURE 4.8 Representation of the mechanism for synthesis of the catalyst. Reprinted with permission from John
Wiley and Sons; Zhang W, Fu Y, Wang J, Wang X. 3D Hierarchically Porous Graphitic Carbon Nitride Modified Graphene-Pt
Hybrid as Efficient Methanol Oxidation Catalysts. Advanced Materials Interfaces 2017;4(12):1601219. https://doi.org/10.
1002/admi.201601219, (Copyright, 2017).
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resistance of the catalyst because of the presence of functional groups. The next section will be
dealing with the use of carbon nanostructures as ORR catalysts.

2.2.3 Carbon-based materials for oxygen reduction reactions (ORR)

The cathode side of a fuel cell receives the Hþ ions, which are produced in the anode
compartment through the proton exchange membrane. Reduction of O2 takes place according
to Eq. (4.8) leading to the formation of water in the cathode compartment. Briefly, ORR in
aqueous solutions takes place in two pathways: one is the four e� pathway from O2 to
H2O and the other is the 2 e� pathway through the formation of hydrogen peroxide. In
nonaqueous protic solvents, there is a possibility of the formation of superoxides also. The
rate of ORR reaction is a very slow process hence catalysts are employed in order to speed
it up.91

The oxygen reduction reactions can be represented by the equations given below:
In acidic aqueous electrolyte:

➢ 4e� pathway

O2 þ 4Hþ þ 4e�/2H2O 1.229Vðvs SHEÞ (4.9)

➢ 2e� pathway

O2 þ 2Hþ þ 2e�/2H2O2 0.70Vðvs SHEÞ (4.10)

2H2O2 þ 2Hþ þ 2e�/2H2O 1.76Vðvs SHEÞ (4.11)

In alkaline aqueous electrolyte:

➢ 4e� pathway

O2 þH2Oþ 4e�/4OH 0.401Vðvs SHEÞ (4.12)

➢ 2e� pathway

O2 þH2Oþ 2e�/HO�
2 þOH� � 0.065Vðvs SHEÞ (4.13)

HO�
2 þH2Oþ 2e�/3OH� 0.867Vðvs SHEÞ (4.14)
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Carbon-based nanostructures have been used extensively as ORR catalysts or as catalyst
support. A very brief account of this application using representative examples will be given
in the following sections.

2.2.3.1 Carbon nanotubes (CNTs) and related structures for ORR

Literature abounds in the applications of CNTs for ORR. The advantages of using these
nanostructures for ORR are that they are essentially metal free (or contain very small amounts
of metal impurities); pristine carbon is inert to the adsorption/activation of O2 and other inter-
mediates. This activity can be improved by the adsorption of polyelectrolytes, chemical doping,
and introduction structural defects. A polyelectrolyte functionalized CNT was reported for
creating a net positive charge around the carbon atoms in the CNTs. This functionalization
was found to have ORR capability both in the aligned and nonaligned form. The functionalized
CNT exhibited an onset potential of �0.12 V (vs. SCE) in comparison to the �0.29 V (vs. SCE)
displayed by the pristine CNTs. This was also accompanied by an increase in the ORR current
density for the functionalized CNTs. A vertically aligned counterpart of the functionalized
CNT displayed an even better positive shift in the ORR at �0.07 (vs. SCE) with higher current
density.92 Recent trends in ORR literature exhibit a trend toward the use of doped CNTs. A few
examples of this application are mentioned in the upcoming paragraph.

Vertically aligned nitrogen-containing CNTs were synthesized by Gong et al. These vertically
aligned CNTs were produced by the pyrolysis of iron phthalocyanine in the presence of NH3 va-
por. Removal of the Fe catalyst was carried out using electrochemical techniques. The ORR per-
formed by this metal-free material takes the 4 e� pathway with a much lower over potential. The
material exhibited peaks at�1 V (vs. Ag/AgCl) and�0.65 V (vs. Ag/AgCl) before the removal of
the iron catalyst and the peaks were featureless after the removal of the Fe. The material was
shown to possess better ORR characteristics than PteC material because of the large surface
area and also the better facilitating of the electrolyte diffusion.93 In continuation to this work
Yasuda et al. synthesized an iron nitrogen-doped CNT using the same molecule. However, the
difference here was that the phthalocyanine (FePC) adsorbed CNTs were pyrolyzed (Fig. 4.9).

FIGURE 4.9 Representation of the mechanism for synthesis of the catalyst. Reprinted with permission from John
Wiley and Sons; Yasuda S, Furuya A, Uchibori Y, Kim J, Murakoshi K. Ironenitrogen-doped vertically aligned carbon
nanotube electrocatalyst for the oxygen reduction reaction. Adv Funct Mater 2016, 26(5), 738e744. https://doi.org/10.1002/
adfm.201503613. (Copyright, 2015).
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The CNTs and FePC were combined because of the strong affinity because of the p- p interaction
between the CNTs and phthalocyanine groups. The ORRmeasurements were carried out in acidic
media. The ORR peaks at 0.78 V were shown by this material. The electron transfer number
showed a value of 2.98.94

In addition to the metal-free ORR capability of this material, there have also been reports
using MWCNT in combination with transition metals. One such example is the work by Jia-
nian Chen et al. A ZIF 67 based on cobalt was grown on Ti3AlC2-based MXene. Pyrolysis was
carried out on this material which resulted in the formation of Co-tipped CNT growing across
the MXene sheets. The ORR capability of this material was dependent on the amount of
MXene. The limiting current density of this material was 5.55 mA/cm2. The electron transfer
number for this material was estimated to be 3.9 which points to the 4e� based ORR
pathway.95

These representative examples illustrate the significance of the use of CNTs as catalyst ma-
terials for ORR. The succeeding section will deal with the use of graphene and it’s derivatives
for ORR.

2.2.3.2 Graphene and related structures for ORR

It has been reported extensively that ultrapure graphene is not a good catalyst for ORR
because of its zero bandgap properties. It also has been shown to possess the low electroca-
talytic activity and was not suitable for ORR.96 Mazánek and coworkers have proved that the
activity of pristine graphene is due to the presence of metal impurities that are adsorbed on it’
s surface from reaction mixtures. They developed a reactive thermal treatment, which led to
the removal of metallic impurities and led to the loss of electrocatalytic activity.97 This phe-
nomenon has been reported extensively in various reports. Han et al. synthesized high-
loading single atom Cu on graphene.98 The Cu atoms are introduced into the matrix by a
highly active gaseous Cu-containing intermediate. This material displayed ORR characteris-
tics. The Cu loading in this case of 5.4wt%. The limiting current density, in this case, was
5.6 mA/cm2.

Another important strategy for the application of graphene in ORR is heteroatom doping.
Recently many reports have appeared on this topic. Wang et al. have reported the synthesis
of a FeeN impregnated carbon in a hybrid with in situ grown graphenes. The FeeN based
HPC graphene N doped. This material was used as an ORR catalyst. The ORR peak position
of this material is more positive than Pt/C. The presence of Fe and N has resulted in the in-
crease in efficiency of the catalytic process from a 2e� pathway to a 4e� pathway.99

In another work, a graphene nanomesh was prepared by the thermal exfoliation and
shape-modified MOF.100 This material was synthesized using a facile technique where Zn
ZIL MOF was carbonized and then exfoliated in a nitrogen atmosphere at 900�C. A very
thin sheet-like structure is obtained, which was used for ORR. An onset potential was applied
at 0.860 V (vs. RHE) and a current density of 4.243 mA/cm2 was obtained. The electron trans-
fer number for this process was found to be 3.85 which is closer to 4 implying that a 4e�

reduction process is obtained.
Another example of the application of ORR in the case of graphene is the use of plasmonic

nanoparticles for enhancement in ORR. A plasmon-induced hot electron enhancement
method for ORR enhancement has been used by Fenglei Shi et al. An optical excitation in
the form of a laser light source was used during the ORR studies. It was seen in this study
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that upon laser excitation the ORR increased. The highest enhancement in catalytic activity
was found for Ag nanotriangles which have stronger fields confined at the corners. The
enhancement can be explained as the electrons from the Ag preferring to move into the lower
energy band on the graphene resulting in enhancement.101

In a novel strategy, nitrogen-doped graphene oxide was used as the catalyst for ORR. In
this work nitrogen-doped graphene oxide is used as the catalyst for ORR. The initial phase of
the study focused on the exposing of GO nanosheets in water to different solvents. Depend-
ing on Hansen’s solubility parameters various solvent-treated GO displayed various interpla-
nar distances. These sheets were then treated with a high-temperature ammonia treatment
(850�C) resulting in the formation of N-doped reduced graphene oxide. In terms of onset po-
tentials, water treated with N rGO showed an onset potential of 1.03 V (vs. RHE) whereas
that treated with noncyclic solvents like ethanol and ether exhibited an onset of 1.07 V (vs.
RHE) and 1.10 V (vs. RHE) respectively. A comparatively lower onset was recorded in the
case of pyridine, which showed an onset of 1.03 V (vs. RHE). Pyridine showed the highest
electron transfer number of 4 and also the highest selectivity and performance in alkaline
electrolytes. This could be attributed to the formation of microporous holes in the sheets lead-
ing to edge defects and also inducing a 3D structure in the sheets that promotes ORR.102

In conclusion, the application of graphene for ORR is a highly active area due to the scal-
ability, and tailor ability that is possible in the case of graphene. The presence of functional
groups in the structure and also the ease with which doping can be done is another advan-
tage of using graphene for ORR. A detailed account of the advances in nonmetal doped gra-
phene for ORR can be found in the review article by Shao et al.96

2.2.3.3 Other carbon-based nanostructures for ORR

In addition to CNT and graphene, there are also other morphologies that are used for ORR
catalysis. One such area is the use of microporous and mesoporous carbon-based structures.
An example of this is the micro and mesoporous carbons. Among these FeeN doped carbons
are a commonly used class of materials. Hanzeng Zou used FeeN codoped carbon spheres
synthesized by electrospinning and thermal treatment. This material was first electrospun
and then heat treated at 220�C under air for 120 min/s. The ORR performance of this material
was �0.018 V (vs. Ag/AgCl), which was close to Pt/C.103 Atomically dispersed Fe atoms
have been anchored on N-doped carbon nanospheres. The N doping was carried out using
histidine. A templating strategy was adopted for this purpose. The ORR performance of
the catalyst was studied in .1M KOH solution. The onset potential of this material was a mea-
sure to be 1.046 V(vs. RHE).104

g-C3N4 is another material that can be used as a catalyst for ORR. Fu et al. synthesized
spheres of g-C3N4/carbon composite. The spherical morphology is obtained by the addition
of glucose to a mixture of melamine and cyanuric acid. After calcination polymerization of
glucose happens and a spherical structure of carbon core and C3N4 shell is formed. The ma-
terial was used as a catalyst for ORR in 0.1 M KOH. The onset potential of the material was
0.9 V (vs. RHE) and it also exhibited a nearly 4 electron reduction process which is lower than
other materials discussed in this section.105

A brief account of the carbon-based materials that have been used for ORR is presented. It
is evident that carbon-based materials exhibit a high efficiency for oxygen reduction reaction
and they possess huge potential for commercialization. The use of these nanomaterials can
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bring down the cost and most importantly the absence of metals in many of these materials,
they can exhibit a high methanol tolerance which cannot be seen in the case of metal-based
ORR catalysts.

2.3 Enzyme fuel cells

A biofuel cell is a fuel cell that uses biological components (Microorganisms or Enzymes)
to produce energy by the oxidation of the fuel supplied. This section deals with biofuel cells,
which are more biologically safe, comparatively nonpolluting, and also cheaper to operate as
the electrolyte is a biomolecule that is readily available in the environment.

Biofuel cells are classified into two groups: Microbial fuel cells (MFC) if the catalyst is a
microbe and enzymatic fuel cell (EFC) if the enzyme carries out the feed (fuel) oxidation.
The fuel that is supplied is oxidized and the resulting electrons are transferred to the anode.
The electron transfer mechanism can happen through two routes. One route is the mediated
electron transfer (MET) where the electrons are transferred to the anode through a mediator
molecule. The second route is the direct electron transfer (DET) in which the electrons are
directly transferred onto the anode.

In MET for enzymatic fuel cells, the electrons are transferred through some mediator mole-
cule that is in contact with the redox site of the enzyme. In the case of DET, the enzyme needs
to have strong adsorption with the electrode through a specific type of bonding and the redox
center of the electrode needs to be in contact with the electrode to promote electron tunneling.

Biofuel cells can be used in miniature biological devices, which rely on the breakdown of a
macromolecule for energy for example use of enzymatic fuel cells in heart implants is hypoth-
esized to work on the breakdown of glucose molecules (Fig. 4.10).

Biological fuel cells have been known for a century starting from the first biofuel cell (BFC)
that was demonstrated in 1912. The first enzyme-based fuel cell was only reported in 1964,

FIGURE 4.10 Schematic of a
biofuel cell with glucose oxidase as
the anode enzyme oxidizing
glucose to gluconolactone and
bilirubin oxidase as the cathodic
enzyme which reduces oxygen to
water.
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which was a glucose oxidase (GOx) enzyme-based fuel cell that used glucose as the fuel.106 The
individual cell reactions happening in a general glucose-based fuel cell are given below.

Glucose/Gluconolactoneþ 2Hþ þ 2e� (4.15)

O2 þ 4Hþ þ 4e�/2H2O (4.16)

In microbial fuel cells, the enzyme of an enzymatic fuel cell is replaced by the bacteria. This
bacterium is used to oxidize the feed that is given to the cell. There are two kinds of bacterial spe-
cies that can be utilized for the realization of a microbial fuel cell (MFC). The mediated MFC is
where the microbes are electrochemically inactive. The electron transfer from the cells to the elec-
trode is facilitated by mediators such as thionine, methyl viologen, methyl blue, humic acid, or
neutral red. The mediator-free MFC is where the use of a mediator is not required and they
use electrochemically active bacteria to transfer electrons to the electrode. Among the electrochem-
ically active bacteria are, Shewanella putrefaciens, Aeromonas hydrophila, and others. Some bac-
teria have extensions (pili) on their membrane, and are able to transfer their electrons via pili.
Mediator-less microbial fuel cells derive energy directly from certain plants. This fuel cell is known
as a plant microbial fuel cell. The power being thus derived can provide additional ecological ad-
vantages. These fuel cells use inorganic mediators to channel the electrons produced.

Although the route of feed/fuel oxidation is different the components of these cells are the
same viz Anode, cathode, mediators, PEM, and bacteria/enzyme for fuel digestion. Taking
into the huge volume of reports when considering the bacterial and enzyme fuel cell, this sec-
tion will discuss the application of carbon nanomaterials with respect to enzyme fuel cells
only. In addition to this, the contents of this section will proceed to examine examples of
glucose oxidase (GOx) anode based; carbon nanomaterial-modified whole biofuel cells. The
use of nanotechnology to modify these components has been reported to improve the effi-
ciency i.e., the current densities produced by these cells for a definite volume of fuel supplied.

2.3.1 Structure of enzymes

In order to better understand the working of these fuel cells, a brief glance over the struc-
ture of GOx, horse radish peroxidase (HRP), and multicopper oxidase (MCO) enzymes like
bilirubin oxidase (BOx) and laccase (LAc) are highly essential.

Glucose oxidase is crystallized from Aspergillus Niger. Each monomer in this enzyme has a
deeply buried flavin adenine dinucleotide cofactor (FAD/FADH2), which is the redox site of
the enzyme (Fig. 4.11A). The location of this cofactor is w15 _A from the surface of the
enzyme. The total size of the enzyme is 60 _A � 52 _A � 77 _A with a hydrodynamic diameter
of 89 _A and an isolelectric point of w4.3. The optimum working pH for this enzyme is
5.5e7.4 at a temperature of 37�C.107 GOx can also be used in mediated conditions where
redox mediators like ferrocene,108 osmium-based redox polymers,109 quinone-based media-
tors,110 can establish contact between the electrode and the enzyme redox center. The redox
mediator gets regenerated as part of the redox reaction.

HRP is a heme-containing metalloenzyme which has two metal centers one of which is a
heme group and the other comprises of calcium. A heme group is a planar group that is held
in the middle of a porphyrin ring with four pyrrole molecules (Fig. 4.11). There are two
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binding sites for the iron molecule above and below the heme group. There is a histidine res-
idue, which is located below the heme group. The second histidine group in the distal side of
the heme group is vacant in the resting state and it is this site that is open for H2O2 during
redox reactions. The Fe atom’s sixth octahedral position is considered the active site of the
enzyme.111,112 Some reports have been published recently, which show that GOx and HRP
can work in the cathode side of an enzymatic fuel cell also because of the reducing action
of HRP which can reduce the peroxide formed by GOx in oxygenated conditions.113

MCO is one of the most commonly used reducing enzymes for cathodes of enzyme fuel
cells. MCOs contain multiple types of Cu centers termed T1, T2, and T3 (binuclear)
(Fig. 4.11C and D). The T1 site is located close to the surface and is responsible for single elec-
tron reductions and it is the T2 and T3 site which is a trinuclear cluster (TCN) where O2 un-
dergoes 4e� reduction to H2O2 once this site is located favorably.114,115 These enzymes have
been known to exhibit DET when immobilized with the T1 site close to the electrode surface
(Fig. 4.11). Bilirubin oxidase and laccase are the commonly reported enzymes for the oxygen
reduction reaction.

Serge Cosnier et al. have perfected a pelleting technique of MWCNT by a soft grinding
process. In this process, GOx, MWCNT, and catalase (an enzyme for disproportionation of
H2O2) were soft ground and made into pellets (Fig. 4.12). The cathode of the enzyme in
this case was HRP, which was made into electrodes using the same technique.

FIGURE 4.11 (A) Structure of GOx from Aspergillus Niger constructed using Pymol (B)Three-dimensional
structure of HRP, Crystal structure of (C) Laccase (Lac) and (D) Bilirubin oxidase (BOx), (E) Schematic representa-
tion of electron flow in the active site from T1 to the trinuclear site.115 (A) Reprinted with permission from Elsevier:
Bioelectrochemistry, engineering glucose oxidase for bio electrochemical applications, nicolas Mano. (Copyright, 2019); Haddad
R, Mattei JG, Thery J, Auger A. Novel ferrocene-anchored ZnO nanoparticle/carbon nanotube Assembly for glucose oxidase
wiring: application to a glucose/air fuel cell. Nanoscale 2015;7(24):10641e10647. https://doi.org/10.1039/C5NR00497G; (B)
Bo Zhu, Takuro Mizoguchi, Takaaki Kojima, Hideo nakano. Ultra-high-Throughput screening of an In Vitro-synthesized
horseradish peroxidase displayed on Microbeads using cell sorter PLOS ONE 10(5):e0127479 licensed under CC BY; (D)
Adapted by permission from the Royal society publishing; Ross D, Milton and shelley D. Minteer. Direct enzymatic bio-
electrocatalysis: Differentiating between myth and reality Journal of the Royal society Interface. (Copyright, 2017); (E) Tasca
F, Farias D, Castro C, acuna-Rougier C, antiochia R. Bilirubin oxidase from Myrothecium verrucaria Physically absorbed on
graphite electrodes. Insights into the alternative resting form and the sources of activity loss PLOS ONE 10(7):e0132181
licensed under CC BY.
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This enzyme fuel cell used both mediated and nonmediated reactions at the anode side.
The mediator used was naphthoquinone. The role of the CNTs was to wire the enzymes
properly and cause an efficient electron transfer. A flow-through enzyme fuel cell was fabri-
cated and a power of 0.7 mW was obtained. The fuel cell gave an OCV of 0.6 V.116 The same
group also reported biofuel cells using the same 3D electrodes. Changes were made to the
cathode enzyme where laccase was used as the cathode. A power density of 1.54 mW/cm2

was obtained with an OCV of 0.76 V.110

The use of a 3D electrode of graphene-carbon nanotube composite has been reported by
Prasad et al. (Fig. 4.12).117 An acrylic glass-based construction has been used to construct
the fuel cell. The graphene used in this work was grown using chemical vapor deposition
(CVD) on nickel foam. The nickel form was eroded using HCl. SWCNT was loaded into
this suspension by dipping the foam overnight in a carboxylate functionalized CNT solution.
The immobilization of the anode enzyme was carried out by the EDC-NHS strategy which is
covalent in nature. The inclusion of MWCNT into the anode has resulted in an improvement
in the OCV of the electrode. The cathode electrode consisted of ABTS as mediator and laccase
enzyme as cathode with graphene and MWCNT as the support. The developed device has
shown a high-power density of 2.5 mW/cm2 at a peak current density of 5 mA/cm2.

The use of modified MWCNTs are also common. In an attempt to replace conventional
mediators, which are not cyto-friendly, Saravanan et al. have reported the use of manganese
phenanthroline chloride for the immobilization of glucose oxidase on functionalized multi-
walled carbon nanotubes. This complex was anchored on functionalized MWCNT, which
was coated on a glassy carbon electrode and used for the oxidation of glucose. More impor-
tantly, this mediator complex is independent of oxygen dependency of glucose oxidase which
has been proved. The electrode with the glucose oxidase immobilized has also shown an
appreciable increase in oxidation current. In conjunction with a platinum cathode a biofuel
cell was constructed and an OCV of 250 mV was obtained with a power density of
7.3 mW/cm2. The glucose selectivity of the cathode toward ORR has not been proved which
may result in a cross-potential formation.118

FIGURE 4.12 (A) Schematic representation of the fuel cell (B) schematic representation of the fuel cell. (A) Abreu
et al.; Reprinted by permission from Elsevier; Abreu C, Nedellec Y, Ondel O, Buret F, Cosnier S, Le Goff A, Holzinger M,
Glucose oxidase bioanodes for glucose conversion and H2O2 production for horseradish peroxidase biocathodes in a flow through
glucose biofuel cell design. J Power Sources,2018;392:176e180. https://doi.org/10.1016/j.jpowsour.2018.04.104 (Copyright,
2018); (B) Reprinted with permission from Kenath Priyanka Prasad, Yun Chen Peng Chen. Three-dimensional graphene-carbon
nanotube hybrid for high-performance enzymatic biofuel cells, ACS Appl Mater Interfaces 2014;6:5, (Copyright, 2014)
American Chemical Society. ACS.
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In addition to a combination of CNT and rGO reports on the use of magnetic nanoparticles
for the immobilization of glucose oxidase have also been reported. A composite of GO and
Fe3O4 was synthesized by a solvothermal method.119 The NH2 functionalized Fe3O4 nanopar-
ticles obtained by the solvothermal method were anchored on GO using EDC/NHS chemis-
try. The obtained composite was separated from the solution magnetically and washed
several times. The glassy carbon electrode used in this case is a magnetic glassy carbon elec-
trode. The ORR capability of the BOD was characterized and was found to be close to the
redox potential of T1 copper site of the BOD. The assembled fuel cell produced an OCV of
0.6 V with a peak power density of 74 mW/cm2 at a current density of 180 mA/cm2. The
use of a composite of rGO and Fe3O4 has reportedly increased the surface area, and electron
transfer resistance and also prevented leakage of enzymes because of the paramagnetic prop-
erties of the nanoparticle. Our group is also involved in the development of compact enzyme
fuel cells. Arjun et al. have recently fabricated a sandwich-type enzyme fuel cell (Fig. 4.13A).
This fuel cell was fabricated by immobilization of GOx on a pyrene carboxylic acidd
MWCNT composite. The cathode of the fuel cell was made of rGO-Ceria nanocomposite
which is glucose tolerant. A hydrogel based on agar-PVA was used to store and supply
glucose in addition to acting as a separator membrane. The fuel cell was able to produce a
power density of 6.25 mW/cm2 and an OCV of 140 mV.120

The combination of carbon-based materials with gold nanoparticles can improve resis-
tances in enzyme-modified electrodes. Toward this end, Pengfei et al. have used bacterial cel-
lulose to construct a 3D electrode that acts as the base electrode to immobilize MWCNT.121

This MWCNT is then covered with PEI using a facile technique. This was followed by the
reduction of gold leading to the formation of a dense gold surface which the authors claim
to act as plugs to induce DET. The reports are based on the electrostatic immobilization of
glucose oxidase and laccase. A 2- compartment device was assembled where the anode
compartment could act as a glucose sensor. The fuel cell developed a power of 325 mW/

FIGURE 4.13 (A) Schematic
representation of the fuel cell
fabricated by our group. Reprinted
by permission from Elsevier; Arjun
AM, Vimal M, Sandhyarani N. A
hybrid hydrogel separated biofuel cell
with a novel enzymatic anode and
glucose tolerant cathode. Int J
Hydrogen Energy 2019;44(49),
27056e27066. https://doi.org/10.
1016/j.ijhydene.2019.08.131. (Copy-
right, 2019).
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cm3 at a current density of 3 mA/cm3. The fuel cell could act as a sensor for the detection of
glucose until 500 mM of glucose. A maximum OCV of 500 mV was obtained in this case.

Carbon dots also have been used for the immobilization of enzymes. Zhao et al. prepared
carbon quantum dots using the candle soot technique and glucose oxidase was immobilized.
The electrode was immersed in 20 mM PBS containing different concentrations of glucose in
both oxygen and nitrogen saturated conditions. A fuel cell was made with this electrode as
the anode and bilirubin oxidase on carbon quantum dots as a cathode. The fuel cell was
capable of producing an OCV of 0.9 V and a power density of 40 mW/cm2 at 100 mA/cm2.
The use of these carbon dots provides 3D scaffolds for enzyme immobilization in addition
to them acting as electron relays.122 In addition to carbon dots mesoporous carbon nanopar-
ticles have also been reported. The work by Trifonov et al. elaborated the implanting of Pt
nanoclusters in glucose oxidase immobilized on mesoporous carbon nanoparticles
(Fig. 4.13B). The role of the pores is to confine the growth of the nanoclusters so that they
become electrically wired to the GOx core. This system leads to the formation of an inside
out synthesized platinum cluster, which has direct contact with the enzymatic redox core.
More importantly, it was found that after 60 min of operation the current density was found
to be higher for this system. This system could generate an OCV of 600 mV and a short circuit
current of 140 mA/cm2. A power density of 50 mW/cm could be produced.123

A very brief account of the construction of enzyme fuel cells using carbon nanostructures
has been presented. The use of these structures has led to an improvement in the electron
transfer rates and also reachability in terms of connections to enzyme redox cores. There
are gaps in the literature for the construction of enzyme fuel cells when compared with ma-
terials used for other methods of energy generation. This can be filled by a systematic
approach to addressing the performance enhancements, which can be bought about when us-
ing these nanostructures. A very systematic literature discussion can be obtained from the
many reviews that have been published in this field.124,125

3. Energy storage

Renewable energy generation is an intermittent process that cannot satisfy our demands
for sustainable energy infrastructure. In such a scenario the only solution is to store the en-
ergy produced by renewable energy devices. However, energy storage has been synonymous
with batteries for a very long time. Particularly, lithium-ion batteries have revolutionized the
way the present society function. Their use in everything ranging from small sensors to heavy
transportation is invaluable. Nevertheless, batteries suffer from disadvantages like swelling
of active materials, volumetric modulation, and safety aspects. Moreover, in terms of appli-
cations batteries are suitable for a continuous long-term supply at a constant rate. In contrast,
electrochemical supercapacitors are safer and are capable of proving 100e1000 times more
power density than batteries (They however possess 3e30 times lesser energy density than
batteries). Supercapacitors are safer and can sustain a huge number of charge-discharge cy-
cles. In layman’s terms, they are typically used for bursts of power. This comparison can be
represented in terms of the Ragone plot. The supercapacitors occupy areas of higher specific
power whereas the batteries occupy areas of higher specific energy. The Ragone plot
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indicates that the supercapacitor has higher specific power but lower specific energy. The
comparison for this in layman’s terms can be made with a torch light which is synonymous
with a battery where light (in the case of a battery it will be energy) lasts for a long time
whereas in a camera flash which is synonymous to a supercapacitor (in case of supercapacitor
it will be power) lasts only for a short time that too with maximum intensity. This energy
storage section is dedicated to supercapacitors which have benefitted immensely from the
application of carbon nanomaterials.

In terms of construction; an electrochemical supercapacitor possesses two electrodes sepa-
rated by a separator. If the two electrodes are identical the device is named a symmetric
supercapacitor and in the case of different electrodes, the device is named an asymmetric
supercapacitor. The separator that separates the two electrodes is not only permeable to
ions but also prevents contact between the two electrodes. The separators used usually are
polymer-based or paper-based separators and they are soaked in electrolytes to allow for
ion flow. Depending on the charge storage mechanism supercapacitors can be divided into
two. Electrical double layer capacitors (EDLC) in which the charge storage takes place on
the interface between the electrode and electrolyte (Fig. 4.14). The second category of super-
capacitors is pseudo capacitors, which involve reversible faradaic redox reactions for charge
storage (Fig. 4.14). A third category also exists which combines a carbon electrode or a pseu-
docapacitive electrode it is termed a hybrid capacitor.

The application of carbon-based nanomaterials in supercapacitors has led to improvement
in the efficiencies of their operation. The application of nanomaterials in both the categories of
supercapacitors is discussed briefly in the succeeding sections.

FIGURE 4.14 (A) Schematic diagram of electrical double-layered capacitor and (B) Pseudocapacitor.
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3.1 Electrical double layer capacitors (EDLC)

Similar to conventional capacitors EDLCs work on charge separation. However, they
possess two separate charge layers between the electrolyte and electrode surfaces. Because
of this, they have high capacitance in comparison to conventional capacitors. It is important
to note that the process is a nonfaradaic process with no charge transfer involved. In order to
make this process more efficient, carbon-based materials are used. Among the most common
carbon nanomaterials CNTs, graphene has been studied extensively followed by other mor-
phologies with high surface area. A brief discussion about the use of carbon nanotubes in
EDLC follows.

3.1.1 Carbon nanotubes and related materials in EDLC

Aerogels of SWCNT were fabricated by Van Aken et al. using a critical point drying of hy-
drated precursors. The electrodes were found to be free-standing, which negated the use of a
binder. A room temperature-based ionic liquid electrolyte was used. The capacitance of the
material was about 40 F/g at a current density of 30 A/g. This could be attributed to the
high surface area (900m2/g) of the material with pore diameters in the range of
2e50 nm.126 In another work based on SWCNT flexible transparent films an optically trans-
parent film with high transmittance was fabricated by Kanninen et al. The films were able to
reach maximum potential of only 0.6 V which was attributed to the Fe impurities in the CNT
film. A high mass-specific capacitance of 178 F/g was obtained using this material.127 An in-
crease in the surface area of the electrodes would lead to an increase in the capacitance. Wang
et al. realized this using ZIF-8 MOF nanocrystals strung on MWCNTs. A carbonization pro-
cess was used for this stringing process. The surface area of this material was reported to be
569.3 m2/g. The capacitance properties of the material were tested in an acidic medium. The
specific capacitance of the material was 225.5 F/g, which was attributed to the mesoporous
architectures and high surface area polyhedral carbons. Capacitance retention of 91.6%
was reported at a high current density of 10 A/g.128

Nitrogen doping of carbon nanotubes is another methodology for improving charge stor-
age efficiency. For this Dubal et al. synthesized 1D polypyrrole (PPY) nanotubes, which when
carbonized resulted in the formation of N-doped CNTs. An asymmetric supercapacitor with
the PPY nanotubes as positive electrodes and N-doped CNTs as negative electrodes yielded a
voltage window of 1.4V. The N doped CNT electrode demonstrated a high capacitance of
228 F/g. The assembled supercapacitor had good cyclic stability of 89.98%.129 In another
work Yang et al. prepared sulfur-doped bamboo-like CNTs. The sulfur doping was done
by the carbonization of a sulfonated polymer nanotube. The capacitance of this material
was shown to be 259 F/g with capacitance retention of 97.7%.130

In conclusion, the use of CNTs and their doped versions have bought about an increase in
the capacitance of these material-modified electrodes. More importantly, the doping of CNTs
helped in bringing an increase in electrical conductivity along with increased active sites.

3.1.2 Graphene and related materials in EDLC

Very recently vertically oriented graphene (graphene nanowalls (GNWs)) were reported.
These nanowalls were electrochemically activated to enhance their specific capacitances.
This material was used for developing an EDLC-based electrode. A comparison of the charge
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storage was made before and after activation and it was found that there was a 150% increase
in specific capacitance after the activation process.131 A combination of rGO with carbon dots
resulted in an increase in surface area (130% of initial). An increased capacitance value of
214 F/g was obtained after the rGO was combined with the carbon dots.132 Graphene was
deposited electrochemically using a single-step controllable process for exfoliating and
depositing graphene oxide by Khakpour et al.133 The electrochemical analysis of this material
revealed an areal capacitance of 1.932 mF/cm2.

Doping of graphene oxide is another technique that can impart high energy storage capa-
bility. Lee et al. synthesized imine-rich nitrogen-doped graphene in which pyrrole and pyridine
groups were selectively incorporated. The material was used for supercapacitor application on
6M KOH solution. The material displayed a specific capacitance of 174 F/g in the case of the
pyrrole-modified N-doped graphene due to the change in electronic structure.134

3.1.3 Other carbon-based materials in EDLC

Among the other carbon materials for EDLCs, some of the important contributions have
been reported from porous carbon derived from natural precursors. One such example is
the porous carbon nano onions prepared from rice husk by nickel-assisted graphitization.
The material possessed a very high surface area of 3821 m2/g. This material was used as a
super-capacitor electrode and it exhibited a high specific capacitance of 350 F/g and a supe-
rior cyclic performance of 99% retention after 10,000 cycles.135 A thiophene-based sulfur
doped carbon nano onion was synthesized by Mohapatra et al. This material displayed a
high specific surface area of 950 m2/g and an ordered mesoporous structure. The sulfur
incorporation led to a high specific capacitance value of 305 F/g which was almost 3 times
higher than the pristine carbon-based nano onion. The two-electrode configuration showed
high capacitance retention of 95% even after 10,000 cycles.136

The use of carbon-based materials in EDLC has been synonymously linked to an increase
in surface area in the case of EDLC. The electrical conductivity of the materials and high
capacitance retention is another advantage that has encouraged the emergence of a large
number of reports in this area. Another area in the research on supercapacitors is the pseudo
capacitors. This will be discussed in the succeeding sections.

3.2 Pseudocapacitors

These capacitors work on faradaic charge transfer involving redox reactions in the inter-
face between electrodes and electrolytes. For redox reactions to occur efficiently high surface
area and highly conductive electrodes are required. This is where the application of carbon-
based nanomaterials is significant. The use of carbon-based materials like CNTS, graphene,
and other carbon-based materials contribute to improvement in potential window, stability,
and energy density, and cost-effectiveness of the final device.

3.2.1 Carbon nanotubes and related materials in pseudocapacitors

The combination of conducting polymers with CNTs has been used for supercapacitor ap-
plications. Tahir et al. fabricate poly(3,4-ethylenedioxythiophene) (PEDOT) coated MWCNT
as microcapacitor electrode materials. The capacitor was able to deliver a specific capacitance
of 20.6 F/cm2 with a 99.9% capacitance retention after 20,000 cycles.137
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3.2.2 Graphene and related materials in pseudocapacitors

A Nile blue conjugated 3D graphene aerogel was synthesized by a facile hydrothermal
approach. The conjugation is a strong noncovalent bonding between the p electrons of the
Nile blue and the graphene. The nanocomposite possessed an area of 154 m2/g. The structure
was found to be a combination of macropores, mesopores, and micropores which act as ion
buffering reservoirs and also minimize the transport distances of electrolytes of ions into gra-
phene. This electrode was used for charge storage in 1M H2SO4.

138 A specific capacitance of
483 F/g was obtained with capacitance retention of 73.5%.

Layered double hydroxides of NieCo with the growth of Zn and Co-nanoparticles have
been grown on a graphene foam. The electrode displayed an areal capacitance of
7485 mF/cm2. A symmetric supercapacitor built using this device was able to exhibit an areal
capacitance of 1278 mF/cm2 with capacitance retention of 108% over 5000 cycles.139

3.2.3 Other carbon-based materials in pseudocapacitors

A combination of tungsten nitride and phosphorous-modified carbon fabric was reported
by Dubal et al.140 The use of transition metal nitrides has been justified because of the high
electrical conduction of the material in addition to it’s corrosion resistance. Since symmetric
devices based on the use of tungsten nitride is able to work only in low potential windows, an
asymmetric device based on PPY positive electrode and EDLC-based tungsten nitride was
taken. The device exhibited a wide potential window of 1.6V with a volumetric capacity of
7.1 mF/cm3. The capacitance retention of this material was 20,000 cycles.

This very brief account of the use of different nanostructures for supercapacitor applica-
tions has been done using representative examples and it can be inferred from them that
the addition of carbon-based nanomaterials as platforms for the growth of nanoparticles in
the case of pseudo particles has led to better capacitance values because of the better connec-
tivity of the underlying material with the grown nanoparticles. In addition to this as
mentioned in earlier sections, these materials also bring about a conductivity enhancement
that impacts the device fabrication process in a positive manner.

4. Conclusion

The area that encompasses the use of carbon-based nanostructures for energy generation is
one that has spanned a very long time. The advantage of using these nanostructures are that
they are economical, and their morphologies can be tailored in a multitude of ways to suit our
applications. Researchers across the globe have made use of these advantages to report ad-
vancements in performance for energy generation. An analysis of the literature volume in
this area shows that more than 18,000 articles have been published in the past 10 years.
This itself shows the prospect that these materials hold in terms of energy generation. In
conclusion, carbon-based materials have shown exceptional promise in the energy generation
area and a further effort to commercialize these materials for real-life application is necessary
so that this research can be used to alleviate the energy problems faced by society.

The use of carbon-based nanomaterials in the energy storage arena has been prevalent for a
long time. Literature abounds in examples where these materials have been used for various
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enhancements in charge storage properties. The approximate number of articles utilizing car-
bon as a constituent material is more than 10,000 in the last 10 years alone. As with the case for
energy generating materials even though there is an abundance in published scientific data a
commercially viable device is yet to emerge. More importantly, areas in energy storage like us-
ing biomass-derived carbon for energy storage hold great promise in terms of cost-effective
materials. To conclude, the future is very bright for carbon-based energy storage materials.45
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1. Introduction

Diatoms are microalgae widely distributed in different water bodies and geographies hav-
ing about 100,000 species.1 They vary in size from 2 to 2000 mm all having distinctive mor-
phologies.2 The peculiar feature of diatoms is that their cell wall is made up of silica.3 This
makes their cell wall rigid which can tolerate a shearing force of about 750 mN.4 The shear
strain required to break diatom frustules varies for different diatom types. The elastic
modulus for Coscinodiscus varies from 3.4 to 15.6 GPa thus establishing that centric diatoms
could tolerate some elastic deformation.4 The ability to undergo elastic deformation and
endurance has indeed great potential in microelectromechanical systems (MEMS) and micro-
fluidic systems. Wang et al.5 study on three different diatoms (Coscinodiscus sp., N. palea,
D. brightwellii) showed that ringent girdle bands of Coscinodiscus sp. were more flexible
than the complete frustules. Though, the long chain clusters of N. palea and central spines
of D. brightwellii also have some elasticity.5 This elastic behavior of diatoms has great appli-
cations for their uses in Lab-on-chip devices (LOC) to endure elastic deformation during wa-
ter flow, in pharmaceutical as well as in optical fiber technology. Diatoms are in fact
luminescent silicon nanostructures that constitute dead diatoms known as diatomite and
live diatom cells.6 The diatomite mainly consists of 70%e80% of silicon dioxide, and few
metallic oxides mainly alumina and ferric oxide.7 Not to forget, the first ever use of diatomite
was by Swedish chemist ’Alfred Nobel’ in a mixture of nitroglycerine and kieselguhr to make
Dynamite.8

Since diatoms have well-aligned pores of size up to 40 nm they have well-organized nano
architecture which adds to their applications in wide variety of nanotechnology and material
science studies.9 Besides these pores help in exchange of gases and adding surface area to the
diatoms (>200 m2/g).10 Fig. 5.1 shows the nanoarchitecture of two groups of diatoms Cyclo-
tella meneghiniana and Pinnularia borealis.

The indepth study of diatom nanoporous architecture study is required to know the size of
pores, their arrangement, to take their usage in preparation of different nanomaterials. Sell-
aphora sp. for example, shows a good array of pores moving radially from center to periphery
at elongating sizes. Its porous architecture is elaborated in different state of art microscopy
SEM, TEM and AFM images as can be seen in Fig. 5.2. Owning to these properties these di-
atoms are employed for their application in microdevices and diatom-based materials.11

Much of these microdevices use diatomite in the microfluidic application as biosensors,9 solar
cells,6a,11b photobioreactors,13 cell sorters,14 drug vehicle,15 etc. Many times such diatom
simulated complete LOC are used for cell culture,12,16 selection of strain and also for detection
of secondary metabolites.17

2. Diatoms in micro-electroporation/electro mechanical system (MEMS)

The art of introducing foreign molecules like genes and proteins into biological cells is a
very significant technique.15 This involves a lot of applications including metabolic engineer-
ing,18 gene therapy,19 invitro fertilization,20 cancer treatment,21 induced pluripotent cells,22

etc. Diatoms among microalgae are metabolically engineered to act as a potential vector or
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drug carrier to heal a tumourous or cancerous cell line.23 But this is also done to alter or intro-
duce genes via plasmids with antibiotics in diatoms so as to target the diseased cell.24 Alter-
nately the same is done to increase the production of lipids and other secondary metabolites
in diatom and microalgae.25 The major reason is being that cell membranes are not permeable
to the foreign molecules hence techniques like electroporation,26 bombardments via gene

FIGURE 5.1 SEM image of (A) Cyclotella menighiniana inset pores at scale of 1 mm and (B) Pinnularia borealis. Inset
pores at scale of 500 nm.

FIGURE 5.2 Sellaphora sp. showing porous nanoarchitecture revealed by (A) SEM image at scale 5 mm with inset
at the scale of 1 mm; (B) TEM image at scale 0.5 mm and (C) High-resolution 3D AFM image of diatom pores.
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gun,27 chemical treatment,22a viral vector,28 etc., are employed. However, among them, the
cuvette-type electroporation method employed in transfecting biological cell, requires high
voltage,29 metal ion dissolution,30 and irreversible electroporation.29,31 The high voltage,
however, results into low efficiency. The efficiency can, however, be improved if the distance
between the electrodes, to minimizes the problems often coming in cuvette electrode electro-
poration. This automatically reduces the voltage however, maintaining the same electric field
strength.15 Kang and co-workers fabricated a microelectroporation mechanical system
(MEMS) which reduces the distance between the electrodes to height of w0.1 mm. They
checked their MEMS device electroporating only small volume of Chlamydomonas reinhardtii
samples in order to check their cell viability and delivery efficiency.15,32 Chlamydomonas rein-
hardtii is a standard microalgae model which is used for the production of biodiesel, since it
has lipids between 20% and 50% of their cell body.33 The fabricated MEMS is of aluminum
metal which is economical and has high conductivity. The aluminum not only lowers the
joule heat but also improves the transfection efficiency of microalgae necessary for genetic
engineering.15

Kang et al.15,34 used three kinds of tracer molecules (calcein, FITC-BSA, and plasmid DNA)
to study electroporation with 3D microelectroporation system and that with a conventional
cuvette system.35 Fig. 5.3 shows delivery efficiency with the three tracer molecules and it
was found that in calcein and FITC-BSA; the delivery efficiency increased by 1.5 and seven
folds using MEMS microelectrode.15 However, in case of intracellular delivery by plasmid
DNA, the delivery efficiency increased by 4.85 folds using MEMS.15,34 Diatoms on the other
hand have been used as diatom infecting viral (DIV) promoters for engineering of marine

FIGURE 5.3 The genome
structures of marine diatom-
infecting DNA viruses. Modified
from the ClorDNAV genome.
Reproduced with permission from
Kadono T, Tomaru Y, Suzuki K,
Yamada K, Adachi M. The possibility
of using marine diatom-infecting viral
promoters for the engineering of ma-
rine diatoms. Plant Sci 2020, 110475.
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diatoms like Phaeodactylum tricornutum.36 DIV have both double-stranded DNA and single-
stranded RNA with atleast two open reading frames. DIV’s target the diatoms host cells
and influence the metabolic machinery. DIV carry the targeted promoter region of the ClorD-
NAV VP3 gene (ClP1) as shown in Fig. 5.3. In this case they targeted P. tricornutum machin-
ery so that ClP1 gene could be used for producing maximum secondary metabolites at low
nutrition conditions.36 This leaves an interesting application of diatoms as microelectropora-
tion and electro-machine application in the treatment of virus-based infections in humans.

Besides the injection of genes, diatoms have been metabolically engineered for a variety of
other MEMS having their application in the drugs industry, optical systems, solar cells, etc.
We had shown how metabolically engineered two-way diatoms cultures with TiO2 have
increased the efficiency of conventional dye-sensitized solar cells (DSSC).37 Encouraged by
this we made a facile way of decorating diatoms with peptides and silver nanoparticles
doping further on titanium dioxide anode and found equivalent efficiency; as we found in
metabolically engineered live diatoms with TiO2 in DSSCs.38 Other than this, diatoms doped
metals (lanthanides, zinc, gold) acted as microcontainers to inhibit the gram-positive and
gram-negative bacterial infections.39 They also acted as nature absorbents to monitor water
quality by absorbing heavy metals40 as revealed by a change in their valve formation. Not
the least, they act as pollution indicators by changing their cell growth, lipids and altering
the physical and chemical parameters of fluids in wastewater.41

3. Why diatoms in microfluidics?

Diatoms because of their small pore size and dimensions are suitably used in sorting and
separations.42 Since they survive in slow moving environments, they thus have <1 Reynold
number in the fluid surrounding them.43 In such situation, they are dragged by viscous forces
that help them in transporting and separating molecules coming their way.44 Additionally,
due to their distinctive porous structure, they have the ability to selectively sieve biomole-
cules of interest. This feature in microfluidic is responsible for frequent clogging, low flow
rates, and back pressures. However, porous structure of diatoms allows the transport of mol-
ecules in a fluid by diffusion and also due to its tangential flow.42 Losic et al.42 used this se-
lective transport property of diatom by fixing diatoms at the end of microcapillary tube. They
checked the transport of fluorescein nanoparticles of different sizes (20 and 100 nm) through
the frustules pores of diatom Coscinodiscus sp. and Thallosiosra eccenterica in the permeate so-
lution contained in a microfluidic device.42 Both these diatom species differed in the arrange-
ment of pores with respect to their size, shape, density, and arrangement.42 The experimental
flux of these fluorescein nanoparticles was found to be 1.02 � 0.20 nmoles min�1cm�2 (n ¼ 3)
which was in agreement with the theoretical flux rates estimated by Fick’s law as
0.5 nmol min�1 cm�2 (Berg, 1983). The fluorescence signal of nanoparticles of size 20 nm
was found within 8 h; however, no signal was diagnosed for the 100 nm- sized fluorescence
nanoparticles.42 This selective diffusion transport among the diatom frustules is of great use
in microfluidics and lab-on-chip (LOC) devices for various potential applications.
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4. Diatom lab on chip (LOC) and biosensing

Diatoms have great potential for photoluminescence and electrochemical detection. To
make this possible diatom needs to be cultured. However, the most common method to
do it is by culturing them in flasks and later removing the organic matter by filtration and
acid washing.45 This however destroys the diatom frustules and thus different way of
culturing them should be designated. Cai et al.46 used polydimethylsiloxane (PDMS) to fabri-
cate a microfluidic chip via lithography to culture diatoms in a single chamber. The PDMS
made microfluidic LOC device transparent to light and permeable to gases allowing diatoms
to grow.47 Growing diatoms in such closed microcosms may be used for biosensing and con-
struction of diatom solar panels as well.1,46 Cai et al.46 used soft lithography methods to study
the gliding motion in diatom Bacillaria paradoxa. The microchannels were made on the PDMS
microfluidic LOC device and culture conditions of diatom were standardized. Diatoms were
injected into 24 chips at different times with same speed in order to analyze the initial cell
density of diatom cells with that of increase in their cell number. The cells of B. paradoxa Gme-
lin usually remain connected to each other forming chains and clusters.48 The motility of
Bacillaria under alternating dark and light exhibited rhythms with majority of the colonies be-
ing motile under light conditions and nonmotile under dark conditions.48,49 Cai et al.46

demonstrated this by two Bacillaria colonies with different status in still and moving water,
since flow of water can be controlled in a microfluidic chip. In still water the stretch ampli-
tude declines to near zero (0.5 mm) in 0.2 h having vibration period of 29�3s. The Bacillaria
colony moves toward fluid flow direction assuming “a” as the angle to express the flow di-
rection, many of the colonies tend to be 0 in about 10 min. This clearly established that diatom
Bacillaria vibrates along the less shear force or liquid with least resistance. Thus it was proved
that it is possible to culture diatoms B. paradoxa Gmelin in the customized microfluidic chip.
They additionally proved that the motion of 2 cell Bacillaria colony in a still and moving water
in microfluidic chip. It was seen that the cells vibrate and follow the direction of water offer-
ing least resistance.

Subsequently Cai et al.; fabricated a LOC in which diatoms were grown to maximum
amount and cleaned with sulfuric acid and H2O2 to get rid of organic matter.5,46 The cleaned
diatoms were irradiated with ultraviolet light to let the diatoms bond to PDMS microcham-
bers strongly.46

Cai et al.50 showed microfluidic LOC which has central inlet of diameter 6 mm, 12 culture
chambers of 2 mm each and three outlets. The width of the channels was 120 mm allowing
diatom Coscinodiscus excentricus to cross the chambers and outlets. The diatoms were cultured
in culture room till the cell density reached 3.6 � 104 cells mL�1 which were then injected into
LOC via micropumps at variable speeds of 0.1 mLh�1 to 2.0 mLh�1.51

To study the biosensing capability of diatom on a LOC, the diatom chip was modified by
2% of 3-aminopropyltriethoxysilane (APES) in acetone. This bonds the diatoms with APES
resulting in the formation of siloxane bonds so as to form aminopropyl-terminated surface
bonds.50,51 The SEM image of LOC clearly showed that diatom was well on the surface of
it bonded firmly. Further SEM images of diatom Coscinodiscus excentricus also established
that diatoms frustules were firm, complete and not broken.
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In order to check the detection of proteins in the diatom bonded APES LOC; fluoroscein
isothiocyanate (FITC) was added. FITC conjugates with the proteins which bond with the
APES diatomite LOC and was observed under fluorescence microscopy. It was observed
that before FITC was injected diatoms were localized in the chamber as no fluorescence could
be seen. However, after the FITC was injected, the location of diatom had not changed. The
fluorescence was detected and was highest among the whole diatom frustules than from the
surrounding area. The optical intensity measured using Image pro-plus software revealed
that diatom frustules showed fluorescence with optical intensity of 1300 as compared to
300 from the surrounding area which is roughly 4 times stronger. This certainly is a great
feature via which diatoms could probably bind many biomolecules which could help in
detection of biomolecules of interest. Such diatom microfluidic LOC would help making 3
D micro as well as nano porous channels for not only biosensing but also molecular sensing
the molecules of interest.50

Apart from using PDMS in the microfluidic LOC devices, researchers have used paper
based microanalytical devices (mPAD).52 This has been done to lower the cost and capillary
flow. Also it certainly won’t allow the use of syringe or micropump for injecting the cells
or chemical dose shots. mPAD on the other hand can be fabricated using conventional soft
lithographic techniques utilizing either photoresists or wax printing.53 The technique has uti-
lized detection of glucose, protein, cholesterol and heavy metals.54 Besides this, silica micro-
analytical devices have attracted much attention due to its porosity and large surface area.55

The reason being that the high porosity of silica enables detection of biomolecules not only on
the surface but also inside the pores. Additionally, the optical density and compatibility of
surface groups enhances the attachment and detection of biomolecules. Moon et al. synthe-
sized silica colloidal particles for detection of nucleic acid.56 Yang et al. used them for detect-
ing glucose, however the lack of high degree order in these colloidal solutions results in
nonuniform diffusion of analytes and hence poor spatial resolutions.57 Since, diatoms are
organic silica frustules bodies found abundantly on the earth in the form of diatomite.11b

Zhen et al. used diatom-based sensors to detect 2,4,6 trinitrotoulene (TNT).58 De stafno
modified diatoms (Coscinodiscus concinnus) with antibodies for immunocomplex detection.59

They found that the photonic crystals of diatom could enhance surface resonance enhance-
ment (SERS) when hybridized with plasmonic nanostructures. Kong et al. have developed
diatoms doped with silver nanoparticles for label free TNT testing.60 Later on they developed
microfluidic diatom analytical device (mDAD) to detect illicit drugs. They chose cocaine as the
target molecule which is one of the most widely used illicit drug all over the world.61 The
mDAD was fabricated in a very simple way in which diatomaceous earth substrate was fabri-
cated by simply spin coating diatomite on the glass slides. The diatomite is first heated at
150�C for 6 h in an oven and then dispersed on aqueous solution of carboxy methyl cellulose
dispersed on the glass slide and spin-coated as per the protocol described by Kong et al.60 The
mDAD are fabricated in such a way that the analyte to be traced is placed in the center of the
reservoir and thereafter the chip is dried as seen in Fig. 5.4. The tip ends of the mDAD are then
immersed into the solvent which migrates through the microchannels via capillary force. The
separated analyte spots are marked under ultraviolet light at 380 nm and visualized by iodine
colorimetry as seen in Fig. 5.4A. Thereafter, AuNP is dropped on the spots, and fluorescence
spectra are recorded.
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Fig. 5.4B shows the SEM image of mDAD, the width of the microchannels is about 400 mm.
The two dimensional uniformly arranged pores on the diatomite are responsible for guided
mode resonance (GMRs). The highly porous nanostructure of the diatomite is responsible for
the photonic effects and the uniform pore size allows homogenous fluid flow into the pores of
the diatomite. This allows the eluent to flow smoothly and uniformly in the mDAD via capil-
lary action. It was seen that when 100ppm of pyrene was allowed to flow in the mDAD, the
fluorescence color of pyrene was observed against the glass substrate thus demonstrating that
the mDAD allowed uniform pump-free flow of the fluid as can be seen in Fig. 5.4C. Therefore,
when a fluid flows across a mDAD; diatomite acts as a stationary phase because hydroxyl
group on diatomite makes it highly polar. This simply means a polar compound would be
having more affinity with diatomite. Thereafter, Kang et al.60 used mDAD to separate pyrene
and 4 mercaptobenzoic acid (MBA). Pyrene moves further in the mDAD than MBA due to
weak affinity with polar diatomite. The SERS spectra showed peaks at 590 cm�1 and
1230 cm�1 establishing that diatomite in LOC is working as a stationary phase as seen in

FIGURE 5.4 (A) Optical image of the mDADs; (B) SEM image of the honeycomb-like diatomite, which forms the
microchannels of mDADs, and (C) optical image of mDADs after 100 ppm pyrene migration illuminated by UV light.
Reproduced with permission from Kong X, Chong X, Squire K, Wang AX. Microfluidic diatomite analytical devices for illicit
drug sensing with ppb-level sensitivity. Sensor Actuator B Chem 2018;259:587e595.
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Fig. 5.5. Further, the detection limits of pyrene and MBA mixture were down to 1ppb on
DAD and 2 ppm on normal diatomite chromatography. This establishes that mDAD is
1000 times more sensitive compared to normal diatomite plates. mDAD were also used by
Kang et al. to separate illicit drug cocaine from plasma sample. They intentionally added
cocaine into human plasma both purchased from Sigma and tried separating them using
mDAD. It was found that since serum proteins are heavier they couldn’t move into the micro-
channels of mDAD. However, good separation of cocaine was observed to the level of 10 ppb.
This was remarkably better than what earlier workers did by using column switching liquid
chromatography method to detect cocaine which showed limit of detection of 80 ppb.62 This
certainly would be having its potential application in drug testing and forensic testing which
is far much sensitive and economical than high performance liquid chromatography and gas
chromatography.

FIGURE 5.5 (A) SERS spectra of pure
substance of MBA, pyrene and the mixture;
and (B) SERS spectra of different spots on
mDADs after chromatography separation.
Reproduced with permission from Kong X,
Chong X, Squire K, Wang AX. Microfluidic
diatomite analytical devices for illicit drug
sensing with ppb-level sensitivity. Sensor
Actuator B Chem 2018;259:587e595.
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5. Diatom template and microfluidics

Diatoms because of their patterned structure also have great application for biometric and
bioinspired nanomaterials. Even though large number of fabrication techniques are available
in microelectronics which includes high cost set ups for UV photolithography, phase shift
photolithography,63 electron beamwriting,64 focused ion beam lithography,65 and X-ray lithog-
raphy66 against the economical imprint67 and soft lithography techniques which are quiet
economical. Generally soft lithography using PDMS has been widely used to transfer patterns
for microcontact printing.68 This has its applications in optical devices,69 microfluidic devices70

and biosensors.50 Nature has always been a source of inspiration to fabricate devices. A wide
range of materials is inspired to be made from bioresources available in the nature. There are
varieties of microorganisms which have well-ordered symmetry of their cell wall or pores but it
has been difficult to mimic them synthetically in the laboratory. Losic et al.71 used soft lithog-
raphy techniques to form diatom replica nanostructures for the first time. Diatoms frustules are
source of biotemplating their frustules for nanoarchitectured microfluidic devices.71 Since dia-
toms have nanostructured architecture made up of amorphous silica their replicas can be made
on PDMS and polymers by negative and positive photoresist. The diatom replica were first
transferred onto PDMS via soft lithography and then to some hard surface or hard curable
polymer, or some colloidal salt by positive photo resist.

Coscinodiscus sp. frustules and its polymer replicas was formed by molding. In the negative
replicas on PDMS and the positive replicas by mercapto ester photocurable polymer
(NOA60). The stepwise replication transforms the concave shaped Coscinodiscus sp. diatoms
into convex replica on PDMS and concave mold or diatom replica on polymer NOA60. The
fabricated replicas have optical and photonic properties similar to diatoms and can be used
and replicated for their use in potential techno applications.71 The honeycomb porous domes
of their replicas frustules were beautifully demonstrated by SEM and AFM images. The
domes had two different kind of pores smaller (190 nm) and larger (400e500 nm) arranged
in a hexagonal nanoarchitecture. The AFM of negative replica clearly demonstrated that
the shape and architecture of frustules size and shape are irreversibly patterned on PDMS
replica. The AFM of final replication of negative replica as positive replica on desired applied
material established that the high resolution topography is similar to the master template of
the frustules. Losic’s work of replicating diatoms on PDMS mold was reproduced by Hlúbi-
ková, D et al.72 on diatoms having bilateral symmetry, for example, Fragilaria biceps and Fra-
gilaria sp. Unlike Losic who used 2 mm space for micromanipulating the replicas on centric
diatom, Wang, Pan et al. worked on larger surface on pinnate diatoms. Fig. 5.6 shows the
AFM images of master diatom replica and their corresponding PDMS negative replica in
F. biceps. Even though high resolution SEM and AFM images were produced the replicas
were not very stable. They tried to reduce the viscosity of PDMS by increasing the ratio of
curing agent/elastomer and degassed it. This was done so that the less viscous PDMS easily
entered into the pores of diatoms. Degassing made the diatom frustules fragile and also
without it resolution of 50 nm was possible. They, however, advised that the PDMS replica-
tion of diatom frustules is more reproducible for small and flat diatoms as compared to large
and long diatoms as the later tends to break from the cast and are highly fragile.
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Even then many researchers have used diatom template for fabrication of variety of nano-
materials in microfluidics. A fine replica of Thallosiosera pseudonana biotemplated with carbon
by initially treating it with AlCl3.6H2O, immersed in furfuryl alcohol and calcinated at 900�C
for 3 h as per the protocol mentioned by Pérez-Cabero et al.73 It was finally replicated by

FIGURE 5.6 Micrographs of AFM comparing the structure morphology of diatom valves of F. biceps (A),(C),(E)
and their negative replicas in PDMS mold (B),(D), (F) shows the topography of valves and distances between the
pores (E),(F). Axes were normalized. Scale bar: 5 mm. Reproduced with permission from Hlúbiková D, Luís A, Vaché V,
Ector L, Hoffmann L, Choquet P. Optimization of the replica molding process of PDMS using pennate diatoms. J Micromech
Microeng 2012;22(11):115019.
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degrading of all its mesosporous SiO2 by chemical etching protocols (NaOH, HF (5%) and HF
(10%)). This resulted in to well organized nanoarchitecture of pores as in diatom
T. pseudonana besides having void gaps among adjacent pores. Fig. 5.7 show SEM images

FIGURE 5.7 SEM images of carbonaceous Thallosiosera pseudonana after etching with HF (5%) at different contact
times. (AeB) t ¼ 6 h; (CeD) t ¼ 12 hand (EeF) t ¼ 24 h. Reproduced with permission from Pérez-Cabero M, Puchol V,
Beltran D, Amoros P. Thalassiosira pseudonana diatom as biotemplate to produce a macroporous ordered carbon-rich material.
Carbon 2008;46(2):297e304.
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of T. pseudonana after treatment with 5% HF at different times. During 6 h treatment with 5%
HF, there is not much difference in the voids among the tubes in the porous frustules of
diatom as can be seen in Fig. 5.7AeB. However, as the time period of exposure is increased
the SiO2 of the diatom gets degraded showing progressive SiO2 etching (CeD); and after 24 h
revealing fine macroporous carbonaceous replicas of T. pseudonana (EeF). Li et al.74 further
showed that controlled synthesis of manganese iron oxide hybrid replica on diatomite helps
by two step hydrothermal process in fabricating high performance supercapacitors. Eynde
et al.75 showed how diatom Pinnularia sp. titania made biotemplates by sol gel hydrolysis
shows high photocatalytic properties for absorbing pollutant gases like carbon monoxide
and nitrous oxide.

6. Microfluidic cell culture

Microfluidic cell culture essentially refers to growth of cells in laboratory conditions which
often needs to set conditions to minimize the contaminations and maintenance of pure cell
lines.76 The application of microfluidic cell culture has evolved its application essentially to
the cell biology and medicine.77 It evolves the cell culture at microscale level to monitor
the individual cell growth and metabolism.78 Thus unlike the macroscopic methods, micro-
fluidic cell cultures involve few hundred or single cells. This thus helps in monitoring the
cell growth via time lapse microscopy more closely with minimum nutrients requirements.32a

They also have ability to analyze chemicals added as biosensors in the culture platform in
order to detect the cellular and physiological parameters in-situ.14 Such biosensors have abil-
ity to test on minimal number of cells with low dosage and quantity.79 The culture material
on a microfluidic chips are generally made up using polydimethylsiloxane [(CH3)2SieO],
abbreviated as PDMS. The major advantage of PDMS is that it’s permeable to gases (O2
and CO2) and even water vapors. However, untreated PDMS can be toxic for different cell
types. The only way to block the toxicity is by coating the PDMS with concentrated protein
solutions.80 The protein like poly D-Lysine leaves a net positive charge on the PDMS leaving
it hydrophilic.81 Similarly PDMS coated with carboxy methyl cellulose polysaccharides al-
lows the cell attachment, growth, and its movement on PDMS surface in microfluidic de-
vices.82 Microfluidic and LOC devices thus because of their temporal control over the
single cell cultures and their reagents have been used for their high throughput screening.
They have been used for variety of applications like cell and drug screening and detection,
bioenergy, diagnostics, etc.83 Therefore, screening single microalgae cells is very much crucial
in selecting drug resistant cells and mutagenic algal cells to be used off chip and re-grown.84

Similarly microfluidic cell culture plays a vital role in selecting the strains which are efficient
in producing secondary metabolites like lipids.14

7. High throughput screening and cell sorting of diatoms in microfluidics

Though microfluidic cell sorters and microdroplet-based microsystems are widely used for
single cell sorting but they lack time course analysis capabilities.85 They also lack capability to
monitor single cell growth rate. The microdroplet-based microfluidic systems, however, lack
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long-term culture manipulation. A high throughput microfluidic screening platform with
1024 trapping sites were, however, analyzed for long-term cell culture and growth in Chlamy-
domonas reinhardtii.85 This was followed by chip fluorescent tagging along with selective
retrieval of target cells in this unicellular green microalga.85 The microfluidic device or logic
gate allowed only selectively screened cells of interest to work off the chip. The device was
made up of three PDMS layers; a top and middle control layer and bottom of cell culture
or analysis layer. The bottom layer (height: 16 mm) had 1024 single cell trapping gates vide
which single cell can be trapped, analyzed and cultured. The cell of interest can be selectively
collected to an off chip reservoir while closing the remaining gates while simultaneously
applying back flow for easy transfusion of selected cell. Single cell of Chlamydomonas reinhard-
tii undergoes change in shape, size due to reproduction. In-situ fluorescence studies analyzing
the lipid bodies in the algal cells stained with Nile red (yellow) and autofluoroscence from
chlorophyll as red in color. Single cell algal monitoring on LOC for their rate of reproduction,
change in metabolism, and production of lipid bodies serves as the facile platform, before
advancing to commercial scale for harvesting the algae. This is comparatively much better
than lab flask scale culturing which not only face shading effect but flocculation, contamina-
tion, difficult studying single cell.86

Among various techniques employed to harvest diatoms, centrifugation is the most com-
mon way since it is simple and efficient.86 However, the investments cost for large scale appli-
cation makes it very expensive method inspite of it also being nonselective and concentrating
the unwanted materials. Besides this, care is needed to standardize different species of same
genera of microalgae as high shear force and gravitation may damage the biomass.87 Diatoms
on the other hand are also responsible for 30% crude oil on this earth; they could be nano
factories if oil could be harvested from them.1 They, unlike other agricultural oil producing
plants, grow, and multiply rapidly thus making 10 times more lipid per hectare of land
with theoretical estimates reaching 200 times.88 The present high cost of algal biofuels is
due to extraction procedures including crushing or drying of algal cells which require high
energy inputs.89

The eventual depletion of non-renewable fossil fuels has directed interest toward devel-
oping ways of efficiently producing biofuel.90 However, the cost of production of biofuel is
high because it utilizes extraction and crushing procedures from microalgae that can require
a substantial energy input.89b,91 It is important to mimic nature’s way in cell culturing, bio-
sensing, making nanobots, and manufacturing crude oil from microalgae.25

7.1 Trilobite chips to screen size-based algae (diatoms)

According to Barros et al.,92 “The optimization of a pre-concentration step before dewater-
ing process is the most promising approach toward lowering microalgal harvesting costs.”
Hønsvall et al.86 used a trilobite (earliest known arthropods) structure inspired microfluidic
chip for concentrating the moving particles in a moving fluid specially for harvesting micro-
algae in a culture. The chip was designed based on hydrodynamic principle in which the sus-
pended particles are continuously added or sorted as the liquid in it flows through as seen in
Fig. 5.8A. In this there is one outlet for concentrated cells and other fraction for the purified
cells fraction. The units in this chip known as terrace ridges and are arranged at intervals of
190e800 mm based on the trilobite structure as can be seen in Fig. 5.8B. These terrace ridges
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reduce the surface drag force and maintain a uniform and ambient flow at velocity of
0.05e0.15 ms�1 and even greater than 0.20 ms�1.94 The drag force exhibited by these ridges
is, however, greater than the gravitational forces hence not affected by the positioning of a
living trilobite.86 The terrace ridges are arranged so as to allow the liquid to flow past
head first and rest of the body later. In the middle of the trilobite, the hole manages the col-
lecting of the fluid at the collecting layer. The particles in the liquid which are greater than the
gap between the terrace ridges get collected at the bottom of the trilobite field. Such trilobite
LOC photo-bioreactor was specially designed for microalgae (green algae and diatom) Rho-
domonas baltica, Chaetoceros sp. and Thalassiosira weissflogii. The LOC in a way sorted the cells
according to their size. Though LOC proved difficult to sort diatom cells of Thalassiosira

FIGURE 5.8 (A) Structure and principle of the trilobite microfluidic chip. Inlet suspension (blue arrow) enters on
top. Most of the liquid flows into the units and down the holes (green arrow), and is collected at the outlet in the
bottom layer. Particles that are larger than the gaps in the units are carried with the flow through the separation field,
and collected at the outlet at the end of the chip (red arrow); (B) Structure of the trilobite unit. The liquid flow (blue)
carries large particles past the unit, while smaller particles and liquid flows into the units (green arrow). The gap
between the blades (or feet) of the unit (here 5 lm) defines the size of particles that flows into the unit; (C) Chip used
in experiments. Note that the main channel and the placement of the field of separation units differ slightly from that
presented in (A). The outlets for the separated fluid (permeate) are not visible from this side of the chip. Also note that
there are two holes for each outlet and inlet in this chip. Reproduced with permission from Hønsvall BK, Altin D, Rob-
ertson LJ. Continuous harvesting of microalgae by new microfluidic technology for particle separation. Bioresour Technol
2016;200:360e365.
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weissflogii which caused clogging due to extra polysaccharides produced by them as
compared to other microalgae.93 However, few bacterial species may also interfere with
the continuous harvesting of diatoms as they clog or flocculate with them94 or sometime
block by utilizing the extra polymer materials.95 In such cases where bacterial species are pre-
sent along with algae the Trilobite chips may not be useful. However, in cases where the cell
size is small and there is no contamination (pure algal culture), the chance of regular harvest-
ing without the recycling of nutrient media via these LOC Trilobite chips is viable. The group
has also demonstrated that since the cells are regularly harvested, there is no need to clean the
filter end as there is no dead end filtration required. Since the chip screens the under sized
algae it is possible to harvest the under sized algae from the group of large sized algae for
re-growth in the harvest chamber.

7.2 Microfluidic algal phobioreactors

The microalgae have been cultured for a variety of secondary metabolites which include
lipids, pigments and drugs related to antiinflammatory and anticancerous treatments.25

Even though initial cell culture is done in Petri plates and flasks the large-scale production
of these metabolites require photo bioreactors. The purpose of which is to increase the
biomass production for their potential applications. These photo bioreactors generally are
customized as per the requirement but basically all are run using batteries whose life is
not more than 5 years.96 Moreover the process of extraction of the secondary metabolites
from the microalgae requires regular feed of inoculums and nutrients.97 Furthermore cross
contamination and selective strain screening is the most faced challenge in large scale produc-
tion of biomass from microalgae.98 However, miniaturizing these photo bioreactors will
avoid the initial screening and quality as well as yield of end products. The introduction
of microfluidics in microalgae cell culture might be an answer for cell screening, optimizing
the production of secondary metabolites and selection for high throughputs. Since microalgae
are moving with stream, trapping them in order to study them at cell scale is a prerequisite.
The cell trapping and microdevices to study the microalgae at cell scale are of three types: (1)
mechanical traps; (2) microfluidic droplets; and (3) microchambers.25 These traps have multi
micropillars closely arranged of size less than that of the microalgae in C or U shape to allow
the desired sized cells to pass and refrain others.99 This has though been applied to trap
Botryococcus braunii; Chlamydomonas reinhardtii; Synechococcus elongatus; Chlorella sorokiniana;
C. sorokiniana; however, no study revealed trapping diatoms. The trapping via microfluidic
droplets involve droplets in a continuous flow emulsion and those having electro wetting
properties. Among these two, flow of droplets via emulsion reaches up to 1 � 106 min�1

whereas electro wetting depends upon dielectric properties of electrode.100 However, micro-
fluidic droplets via emulsion fail in long-term lipid accumulation.101 These studies have been
done on Chlamydomonas reinhardtii and Chlorella vulgaris; whereas electrowetting droplets
were examined in diatom Cyclotella cryptica.25 In this the size of electrowetting droplet varies
from 10 to 70 mL, and droplets from the reservoir containing the medium or fluorescence dyes
are divided and transported to the microalgal reservoir by changing the dielectric constant of
the electrode. However, Wang et al.102 generated an air bubble via syringe pump directed to a
T junction. In third trapping method i.e., the microchambers the algal cells are cultured on a
PDMS fabricated microfluidic device for the first time in Tetraselmis chuii and Neochloris
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oleoabundans. The cells are sealed inside the chamber; however the permeability of PDMS al-
lows easy exchange of gases. Furthermore, addition of BODIPY dye helps in monitoring the
accumulation of lipids while still in the sealed microfluidic device. As per the choice micro-
columns are fitted with an inlet and an outlet for maximum growth of microalgal cells. The
highest growth rate was observed in Chlamydomonas reinhardtii where a single trap system
was made having continuous supply of medium and 12:12 h of light and dark period with
light of about 100 mmol m2 s�1.105 However, it was observed that a deeper trap resulted in
slow growth as large number of microalgal cells were in depths experiencing shaded areas.
The study of single cell of diatoms captured in microdroplets showed much better results
than in single cell traps. The microfluidic growth of microalgal cells specially the lipid rich
diatoms may be very useful further to increase the lipid content by varying the chemical ki-
netics of the medium and by individually studying the division of cells. The microfluidic de-
vice culturing the microalgal cells including the diatoms can be further integrated to flow
cytometer for selection and screening of the desired microlalgal or diatom strain. Such labs
on chip device will in situ monitor the presence of lipid bodies, viability of cells and selection
of strains of interest.25

7.3 Opto-microfluidics for cell screening

Much early in 2006, Hu and Davis developed a technique of automated image processing
the diatom image.103 This was done to collect the light scattered by the diatom cells exposed
to laser light so as to designate them different shapes and sizes. In a microfluidic optical
sensing of microalgal cells, the cells are illuminated with light emitting diode (LED) or laser
light source. This may simultaneously involve staining the cells with fluorescence dye in or-
der to detect the secondary metabolites like lipid and pigments.101 A microfluidic optical set
up generally involves a blue laser (470e490 nm) for illumination and a red laser
(630e675 nm) for measuring the chlorophyll contents in the living microalgal cell culture.
Holmes et al.104 fabricated an optical set up where microalgae cells culture are illuminated
by laser of 532 and 633 nm. This was compared with commercial cytometry intensity of fluo-
rescence by these cells for identification of microalgae species. The pigments in the microalgae
like chlorophyll and phycoery therin were identified at 660 and 575 nm. The elongated shape
of diatom Pseudo-nitzschia showed the varying light scattering as it enters the different micro-
channels of a microfluidic chamber. However, an efficient optical system involves a slow up-
take of liquid culture at the rate of about 10 mLmin�1 against that of 200 mLmin�1 and
replacing lasers lights with LED and photomultiplier tubes (PMT) for illumination, to avoid
big optical microfluidic set ups. Besides this, resistive pulse sensors (RPT) monitors cell num-
ber and size and detect the viable cells.105 They also developed resonance frequencies
(200e500 kHz) which helps in distinguishing living and dead cells.

7.4 Resonating microfluidic chamber to harvest diatoms

Use of resonance and ultrasonications has been a way of extraction techniques for oil and
other secondary metabolites from diatom cells.89b We can reduce the cost of production for
Diafuel106 from these diatoms at affordable and cheap price. In our earlier work we showed
that if instead of crushing or extracting diatoms, oil could be harvested so as to lower the cost
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of production. Since diatoms have an automated mechanical strength of about 750 mN4 laying
pressure on them allows the oil to come out as it was seen in Terpsinoë musica.89b

Also earlier we designed a class of resonating microfluidic (MF) chambers for diatom con-
taining different microchannels of various shape and sizes. The different patterns or designs
on masks were prepared for the fabrications of silicon wafers in a microfluidic chamber of
size 30 mm � 30 mm x 200 mm following Metal-Oxide-Semiconductor capacitor (MOSCAP)
wet oxidation method107 as seen in Fig. 5.9II. The microfluidic chamber was then microfab-
ricated following a standard photolithography method on a chromium mask with wet
etching of Si wafers in tetramethylammonium hydroxide (TMAH) solution checked using
a Dekstat profilometer.

SEMmicrographs of four different mask pattern code 1, 4, 5, and 6 as seen in Fig. 5.9II AeD
on etched four different silicon wafer giving the clear view of the size and shape of cylindrical
micropillars. The etched Si wafer was fixed to two PZT discs (diameter 10 mm and thickness
5 mm) on the back side by glue bond. The surface of one PZT disc was connected to a func-
tion generator and that to an oscilloscope108 and as shown in Fig. 5.10AeB. The diatoms were
injected from one inlet chamber to an area of microchannels of varying size and shape reso-
nating and harvesting lipid on a chip device (Fig. 5.10C).

When the function generator delivered an adequate electrical wave at the fixed parameters
(350 kHz and 500 mV), the fabricated micropillars resonated and generated mechanical pres-
sure on the diatoms present in its chamber. It was seen that both Nitzschia palea and Pinnularia
borealis behaved like Terpsinoë musica when put under mechanical stress and produced oil

FIGURE 5.9 (I) MOSCAP (metal oxide semiconductor capacitor) fabrication of resonating microfluidic (MF)
chamber for biofuel production; (II) Scanning electron micrographs of microchannels consisting of microwalls
(A) masks code-1 (B) cylindrical micropillars masks code-4, (C) Mask code-5 and (D) Mask code �6.
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without itself undergoing lyses. The device with same diatom inoculums injected on to it was
run for different time periods (5, 10, 20, 30, 40 min).

Since the requirement of diatom solar panels is to let the diatoms ooze lipid without letting
them lose their viability therefore, the selection of the design will depend upon maximum cell
viability and also high efficiency in terms of lipid oozed and collected in the supernatant after
resonance in the device. It is obvious that the pellet has more cells and compared to that in the
supernatant this might be the reason why most of the pellet samples had high amounts of
lipid percentage in the pellet.

In our experiment we used a resonating devise to mechanically harvest oil without sacri-
ficing the cells completely. The devices from designs 1, 4 and 5 in which Pinnularia borealis
was used showed overall higher lipid dry weight percentage in the pellet as compared to
the lipid %age from the supernatant for same sample. However, Pinnularia borealis in design

FIGURE 5.10 Image (A) showing injection of diatoms via syringe pump at the rate of 10 mL min�1 which allows
about 5 � 105 cells min�1 to enter the resonating chamber, (B) showing a resonating device further attached with
piezoelectric (PZT) disc at its opposite ends. The device was connected to a function generator and oscilloscope.
Reproduced with permission from Vinayak V, Kumar V, Kashyap M, Joshi KB, Gordon R, Schoefs B. In Fabrication of
resonating microfluidic chamber for biofuel production in diatoms (Resonating device for biofuel production), 2016
3rd international conference on emerging electronics (ICEE), IEEE: 2016; pp. 1e6 and (C) Schematic representation of
Resonating microfluidic chamber.
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1 showed highest lipid content in the supernatant (1.76%) in comparison to that in the pellet
(0.58%) and cell viability up to 50.51% at 40 min of continuous resonance frequency of
350 kHz in the MF chamber. On the other hand in design 4 for the same culture sample (Pin-
nularia borealis) for the same duration of time (40 min), the amount of lipid content in the su-
pernatant was 1.75% in comparison to that in the pellet 0.49% with cell viability reaching up
to 45.36%. Further MF device 5 for Pinnularia borealis didn’t show efficient lipid harvesting
from the supernatant as it is seen that it took just 10 min for oil to come out fast from the cells
but the difference of biofuel percentage was low (0.23%) as compared to two samples from
design 1 and design 4, respectively thus lowering the efficiency to 15.46%. A similar reduced
viability of cells was observed for design 6 for same culture sample with no increase in lipid
harvested from the diatom cells. A similar experiment was conducted using Nitzschia palea,
tested for design 4 and 6 only. The results regarding cell viability were coherent with that
of Pinnularia borealis and it was observed that design 4 showed maximum cell viability
with maximum lipid harvested at 30 min for design 4 whereas design 6 showed no harvest-
ing of lipid and poor cell viability. Further the efficiency of microchannels fabricated in the
silica wafer was checked. Here we had proposed a quantity “Micro channel Efficiency”
(M.E) to compare the oozing of lipid by different microchannels in the MF chamber at
different time durations. The microchannel efficiency of device was calculated only for these
diatoms as they maintained the cell integrity, easy to culture and show moderate visible lipid
content under microscope. The microchannel efficiency was calculated by using the following
hypothetical formula:

Microchannel efficiency ¼ Lipid content of supernantant
Lipid content of pellet

� Cell integrity
Times in minutes

Cell integrity ¼ Sample cell count
Mother culture cell count

� 100

Table 5.1 shows “Microchannel Efficiency” calculated for those mask patterns in MF cham-
bers/devices in which the cell viability was found to be high.

TABLE 5.1 Comparative “micro channel efficiency” in Pinnularia borealis and Nitzschia palea using different
MF devices.

Sample with diatom Time (min) Micro channel efficiency %

Mask 1 (Pinnularia borealis) 40 3.83

Mask 4 (Pinnularia borealis) 40 4.05

Mask 5 (Pinnularia borealis) 10 1.9

Mask 4 (Nitzschia palea) 30 6.01

Mask 6 (Nitzschia palea) 30 5.72

Reproduced with permission from Vinayak V, Kumar V, Kashyap M, Joshi KB, Gordon R, Schoefs B. In Fabrication of resonating micro-
fluidic chamber for biofuel production in diatoms (Resonating device for biofuel production), 2016 3rd international conference on
emerging electronics (ICEE), IEEE: 2016; pp. 1e6.
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It is evident from the “Microchannel Efficiency” Table 5.1 that design 4 is the best design
showing M.E of 4.05% when resonated at the standardized parameters for a time period of
40 min. The resonance and the voltage applied together create a mechanical pressure appro-
priate for diatoms to milk lipid with the least cell sacrifice. The “Microchannel Efficiency”
from samples of different designs gives us an idea of relative lipid content with respect to
time using the resonating device fabricated from different masks. The resonating microfluidic
device is characteristic as not only it harvests the lipid from diatoms without killing it but also
is economical a facile template for diatom solar panels.1 They can be simulated to a large pro-
totype at industrial level for production of diafuel at commercial scale so as to meet the
increasing energy demand.

Yuan et al.,110 fabricated a microfluidic device fixed with PZT disc, function generator, and
oscilloscope to trap microalgae and diatom in order to do live water monitoring. The LOC
device is economical like MF device fabricated by109 but here instead to harvest oil from di-
atoms it traps the algae and diatoms (Fig. 5.11). The microfluidic channel on the LOC was
fabricated to form a standing wave and a reflector thickness as recommended by Lund
et al.111 so as to trap the particle. The PZT device having resonance frequency of 8.58 MHz
is used to give a sound velocity of 1475 ms�1 in water. The channel of dimensions
2700 � 800 � 85 mm with PZT disc of size 800 � 800 mm was fixed on the trapping site. A
glass substrate has been used for the trapping device, and syringe pumps are fitted for inject-
ing the sample at speed of 0.5 mLmin�1 to 2.7 mLmin�1 and 0.5 mLmin�1 to 4 mLmin�1 for both
Chlorella and diatoms, respectively, as per the protocol of Yuan et al.110

FIGURE 5.11 Experimental setup constructed for experimental measurements and device characterization.
Reproduced with permissions from Yuan Q, Mirzajani H, Evans B, Greenbaum E, Wu J. A disposable bulk-acoustic-wave
microalga trapping device for real-time water monitoring. Sensor Actuator B Chem 2020;304:127388.
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Two different experiments were set up for green algae Chlorella and diatom (Thallosiosira
sp.), and it was seen that when the algae and diatom reach the center reservoir where PZT is
fixed only few escape the trapping area (Fig. 5.12). It was observed that immediately after AC
signal was turned on, Chlorella cells immediately move to the trapping region and are trap-
ped. However, diatom cells start swirling and form clusters which increase in size reaching
275 � 168 mm in 60 s. This is due to the chitin fibrils low fluorescence polysaccharides in di-
atoms which act as spacers to keep them apart. Since Chlorella does not have chitin they
exhibit high fluorescence intensity and gets concentrated in the trapping site occupying an
area of 44 � 100 mm. The particle trapping efficiency for Chlorella was 82%e74% whereas
for diatom Thallosiosira sp. it was 85%e79%. Also importantly due to gravity different parti-
cles stay at different heights in the trapping area. It was found that vertical trapping position
was 28 mm from bottom for Chlorella and 34 mm that for diatom. This certainly establishes
that diatoms are at higher position than Chlorella. Thus, this device could trap different sized
particles at different heights and can screen at real time the quality of water yet being
economical and disposable.

8. Integrated hypothesis

Earlier we had shown that the diatom cells doped with magnetite nanoparticles helps in
easy separation of oil which could be harvested in diatom solar panel.112 If in a PDMS and
glass fabricated LOC such magnetite doped diatom strike the walls of serpentine micropillars
in microfluidic device it may ooze oil under the influence of solenoid magnet. The serpentine
microfluidic device further integrated with yellow and red filters to measure the changes in
chlorophyll via autofluorescence could be one such LOC which will monitor not only diatom
screening for lipid production, but also initialize its easy harvest and separation. An inte-
grated microfluidic device which enables to measure the auto fluorescence of chlorophyll

FIGURE 5.12 Diatom and chlorella trapping area, (A) Trapping area of diatom and (B) Trapping area of chlorella.
Reproduced with permissions from Yuan Q, Mirzajani H, Evans B, Greenbaum E, Wu J. A disposable bulk-acoustic-wave
microalga trapping device for real-time water monitoring. Sensor Actuator B Chem 2020;304:127388.
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in the cells helps in screening different diatom strains for their chlorophyll and phycoerythrin
content at 488 nm, 575 nm, 532 nm and 660 nm. This further allows for checking the cell
viability thus keeping a check on the dead and living cells. The LOC device can be kept be-
tween two copper electrodes to separate strains with different lipid content by dielectropho-
resis.113 As the magnetite doped diatoms strike the micropillar designed in serpentine
microfluidic device; the mechanical pressure exerted on the walls of micropillars allows
the oil to come out which gets collected in the reservoir tank. The device may be a one closed
chip miniature prototype for a future industrial level photobioreactor which would not
require continuous nutrient feed and, diafuel (biofuel from diatoms) may be harvested
continuously at low cost. The integrated microfluidic device will resonate due to a pulsed
magnetic field (PMF) involving three major process as follows:

i. The serpentine channels in the device allows the measurement of chlorophyll in the di-
atoms to show autofluorescence while crossing the red and yellow filters in optomicro-
fluidic system.

ii. The resonance frequency in the system alters the dielectric properties of cytoplasm and
lipid allowing only lipid rich diatoms to follow a hydrodynamic stream under the in-
fluence of negative dielectrophoresis.

iii. The magnetite doped diatom cells help in clean separation of oil; as the cells move out
under the influence of PMF. Since PDMS is a hydrophobic and lipophilic it allows the
oil to get absorbed repelling water in the media. Recently, we proved this by fabricated
a low cost Luffa TiO2 doped PDMS nanosponge to absorb oil.114 The clean oil thus
moves out of the device across the polydimethylsiloxane (PDMS) nano sponge layer on
the top of the reservoir and is collected separately as seen in Fig. 5.13.

The microfluidic LOC device is projected to be: cheap, made up of glass and low cost Luffa
TiO2 -PDMS nanosponge, closed, fully automated and fast.

The technology may require zero energy input and with intact cell viability at almost zero
nutrients can be fed at intervals of approximate 60 days. Since the system is further closed
and integrated with filters to check dead cells and contamination; the two PDMS layer per-
mits gaseous exchange and oil adsorption of lipid rich strains via dielectrophoresis as shown
in Fig. 5.13. The self-automated system will pave the way toward the development of easy-to-
use and plug-and-play technologies based on microfluidics, cell perfusion and resonance fre-
quency generated by pulse magnetic fields in one integrated LOC device.

9. Conclusion

The integrated microfluidic device to harvest value added from diatoms involves living
microalgal cells with frugal requirements of nutrients and absolutely no requirement of
feeding new cell inoculums.86 The closed bio-microfluidic system biomimics nature way of
making crude oil from microalgal cells which does not requires any external feed of nutrients
or new cells; nor cells are crushed, extracted,85 electroporated,15 ultrasonicated, etc., for crude
oil.86 Cells would be multiplying continuously whereas the dead cells would serve as the
nutrient requirement for the new ones. We therefore propose a microfluidic device which
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will keep a check on dead cells, bacterial contamination allowing only lipid rich diatoms to
grow and multiply maintaining their living state. The technology aims for optofluidics to up-
scale sun based fuel generation and its separation from living microalgal cells.86 Diatoms like
other microalgae also produce variety of high value metabolites especially fucoxanthin be-
sides producing oil. Since harvesting diatoms for its high value and low value metabolites
is a big challenge economically due to its small size and thick silica wall. However, for
large-scale production of byproducts from microalgal cultures their is increase in its cost of
production.92,115 Even though a substantial work is done with regard to diatoms in microflui-
dics and as nanomaterials, still much need to explore easy diatom culture and its harvesting
for secondary metabolites in situ at facile and economic techniques.
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FIGURE 5.13 Schematic sketch of integrated microfluidic device for live cell perfusion system for biofuel pro-
duction in the presence of light.
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1. Introduction

The present regulations in environmental protection demand clean energy production
methods which lead to the development of fuel cells. Direct methanol fuel cell (DMFC) em-
ploys a polymer electrolyte membrane (PEM) and is operated at low temperatures using a
liquid fuel methanol. The heart of the fuel cell is the membrane electrode assembly (MEA),
which consists of an anode, PEM and a cathode. The membrane is sandwiched between
the anode and cathode. The performance of the DMFC is limited by the PEM. The function
of PEM is to transfer protons from anode to cathode and block the passage of fuel/oxidants
and electrons. The permeation of methanol through the PEM results in mixed potential, cata-
lyst poisoning, and low fuel utilization efficiency. The working principle of DMFC is illus-
trated in Fig. 6.1. By the electrochemical reaction at the anode, the methanol and water
molecule split into protons, electrons, and CO2. The generated protons reach to the cathode
through the PEM and electrons through the external circuit. The protons and electrons
combine with oxygen to produce water at the cathode.

The reactions taking place in DMFC is shown below:

Anode: CH3OH þ H2O / 6Hþ þ 6e� þ CO2

Cathode: 3/2 O2 þ 6Hþ þ 6e� / 3H2O
Overall: CH3OH þ 3/2 O2 / 3H2O þ CO2

Due to these drawbacks, the commercialization of DMFC is a huge task. Several re-
searchers have focused their attention to develop a reliable, high performing polymer electro-
lyte with high proton conductivity, less or no methanol crossover, high chemical and
electrochemical stability, good thermal and mechanical stability, and low cost. The cation ex-
change membrane based on perfluorosulfonic acid ionomer called Nafion was developed by
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Dupont. It is used in fuel cells due to its high protonic conductivity and thermal and chemical
stability. Nevertheless, Nafion has several disadvantages such as high methanol crossover
and decrease in ionic conductivity when operated at higher temperatures due to the dehydra-
tion of the membrane. Due to this, several types of proton exchange membranes were inves-
tigated using sulfonated aromatic hydrocarbons, acid-base complexes and by modification of
these membranes using hygroscopic inorganic nanomaterial. The polymeric materials, inor-
ganic materials, and the polymer electrolyte nanocomposite developed during the past years
are briefly covered and discussed in the following sections.

2. Proton transport mechanism

Proton conductivity is the essential characteristic of a proton exchange membrane. The
resistance to ionic conductivity of the PEM is proportional to the resistive losses in fuel cell
and limits its performance. The PEM contains a nonconducting hydrophobic backbone and
an ion conducting hydrophilic side chains distributed in the polymer matrix. In the presence
of water, the proton and the sulfonic acid group enter into a solvated state. The transport pro-
cesses in an ion exchange membrane may be due to the four possible mechanisms, namely,
diffusion due to concentration gradient, electro-migration as a result of electric potential

FIGURE 6.1 Schematic representation of DMFC.
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gradient, convection due to electroosmotic solvent transfer and surface site hopping.1 In the
surface site hopping mechanism, also known as Grotthus mechanism, the protons generated
at the anode reaches the membrane surface and hop from one hydrolyzed ionic site (such as
H3O

þ, SO3eH) to another across the membrane. Whereas in convective/vehicular
mechanism, the proton is adsorbed on to the vehicle site (i.e., on water and form H3O

þ)
and diffuses through the water filled channels as the result of the electrochemical driving
force. The Grotthus mechanism and vehicular mechanism is schematically presented in
Fig. 6.2.2 Hsu and Gierke modeled the transport of ions through the Nafion membrane by
constructing an elastic cluster model for ion cluster formation. The developed cluster network
model is shown in Fig. 6.3. According to this model, the polymeric ions and absorbed water
separate from the fluorocarbon matrix into approximately spherical domains connected by
short narrow channels. The polymeric charges are imbedded in the water phase very near
the water/fluorocarbon interface. This structure corresponds to the structure of an inverted
micelle.3 When hydrophilic surface modified nanoparticles are introduced into sulfonated
polymer matrix, the interfacial properties of the polymer and the additives get improved.
This generates additional conducting paths for the proton and thus the conductivity
increases.

3. Polymer electrolyte membranes

Generally, the proton conducting electrolyte membrane IS classified into three categories:
perfluorosulfonic acid membranes, nonfluorinated hydrocarbon membrane, and acid-base
complexes.

FIGURE 6.2 The schematic representation of the vehicular mechanism and Grotthus mechanism in (A) pristine
membranes and (B) polymer/nano-particle composite membranes.2
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3.1 Perfluorinated sulfonic acid membranes

Perfluorinated sulfonic acid membranes are fluorocarbon based ion exchange membranes
first developed by Dupont in 1966 (Nafion). Fluorocarbon based membranes are homoge-
neous membranes with uniformly distributed sulfonic acid ionic charge group throughout
the highly acidic tetrafluoroethylene polymer matrix. These membranes have strong hydro-
phobic backbone and strong hydrophilic side chains. The strong hydrophobic and hydrophil-
ic domains create a microphase separation at the interface in presence of water. The uniform
distribution of these strong hydrophilic sulfonic acid units form ionic clusters with intercon-
nected channel. These uniform and effective channels cause high ionic conductivity at fully
hydrated condition. The similar types of flurocarbon membranes include Aciplex developed
by Asahi Chemical Company, Flemion by Asahi Glass Company, fumapem by Fumatech
GmbH, and Dow by Dow Chemicals. The chemical structure of these membranes is shown
in Fig. 6.4.4 They have high thermal and chemical stability and good proton conductivity
at fully hydrated condition.

FIGURE 6.3 Cluster-network model for nafion membranes.3

FIGURE 6.4 Chemical structures of perfluorinated polymer electrolyte membranes.4
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3.2 Nonfluorinated hydrocarbon membranes

Hydrocarbon membranes have certain advantage over fluorocarbon membranes. They are
cheap, commercially available, and their structure can be modified easily by introducing po-
lar sites. The hydrocarbon based PEMs usually contain sulfonic acid groups, phosphoric acid
groups, sulfonamides, and azole derivatives as polar groups. Diverse polymer materials
including poly(ether sulfone) (PES), poly(ether ketone) (PEK), polybenzimidazole (PBI), pol-
yimide (PI), poly(phenylene), polyphosphazene, and polyvinylidene fluoride (PVDF) were
examined for the backbones of PEMs. The overall performance of PEMs is affected by the
disparity in the topological architectures of polymeric ionomers. Block side chain type,
comb-shaped, and densely functionalized cation exchange membranes (CEM) have been
shown in Fig. 6.5.5 Even though these PEMs provide higher proton conductivity, it has
weak dimensional stability due to increased water channel formation and lower chemical sta-
bility. Hydrocarbon-based polymers have a distinct microstructure depending on their chem-
ical structure. The water uptake capacity and swelling behavior depends strongly on the
polymer morphology. The rigid structure of the sulfonated hydrocarbon polymers allows
them to be thermally and mechanically stable up to 200�C. They also have great fuel barrier
properties. For a given ion exchange capacity, sulfonated polymers have lower proton con-
ductivity and higher dimensional swelling than fluorocarbon polymers due to their lower
acidity and hydrophobicity of the polymer back bone. The weak interaction between the hy-
drophobic and hydrophilic moieties results in less effective microphase separation, channel
formation and lower chemical stability, especially for structures with ether linkage.6

FIGURE 6.5 The topological architecture of hydrocarbon based proton exchange membrane.5

3. Polymer electrolyte membranes 129

I. Energy applications of nanomaterials



Hydrocarbon PEMs belong to four categories, namely, random copolymers, block copoly-
mers, graft copolymers, and densely sulfonated copolymer. In sulfonated random copoly-
mers, the hydrophobic and hydrophilic moieties are of low strength and are randomly
distributed. The morphology of these random polymers depends on chemical nature of the
polymer structure and external processing conditions like solution casting, acidification
and hot pressing. The proton conductivity of random copolymers is much lower due to
the random dispersion of ionic clusters in the hydrophilic domains and the less interconnec-
tivity of the clusters. The studies on sulfonated poly ethers (SPE) show that small and planar
hydrophobic components facilitate aggregation of hydrophobic and hydrophilic moieties and
help in the formation of well-developed hydrophobic ionic clusters.7 The high degree of sul-
fonation (DS) of random copolymer improves its proton conductivity due to the formation of
concentrated hydrophilic ionic cluster and interconnection.8 The hydrophilic clusters become
more sparsely distributed as the distance between the adjacent sulfonic acid groups increases.

Block copolymers consist of hydrophilic and hydrophobic homosequences which creates
well defined microphase separation of hydrophilic and hydrophobic regions. Their morpho-
logical orientation causes anisotropic water swelling in them. Badami et al.9 studied a block
copolymer based on SPAE using a fluorine based coupling agent, hexafluoro benzene HFB,
and decafluorobiphenyl (DFBP). The DFBP containing block polymers exhibit more well-
developed morphology with well-connected ionic channels. The fluorine increases its hydro-
phobicity due to which the DFBP shows better proton conductivity at various ranges of RH
(300%e100%).

The sulfonated ABA triblock copolymers based on hydrophilic sulfonated poly(ether ether
sulfone) (SPEES) and hydrophobic poly(methyl methacrylate) (PMMA) and poly(pentafluor-
ostyrene) (PPFS) were synthesized using direct self-assembly method and infiltration of the
polymers into anodized aluminum oxide (AAO) templates method10 ABA. They reported
that the chemical structure and preparation method affect the morphology, thermal stability,
water uptake, and proton conductivity. The fluorinated membranes prepared by self-
assembly exhibited a phase segregated morphology improved proton conductivity than
the infiltration into the AAO templates method. Both the polymers show an improved meth-
anol permeability resistance than Nafion 117. The ABA triblock copolymer consists of two
hydrophilic A oligomers based on sulfonated poly phenyline oxide and a hydrophobic B olig-
omer SPAE. They show a well-connected worm like hydrophilic ionic channel. The proton
conductivity of the triblock copolymer was comparable to Nafion operating at room temper-
ature even at medium temperature of 100�C and low RH. The proton conductivity was
greater when RH was greater than 70%. The block length of the hydrophilic and hydrophobic
repeating units and the number of blocks influence the protonic conductivity and mechanical
property of the polymers. The crystallinity of the polymer increases the mechanical and
chemical stabilities of the membrane but impedes ionic transport. So, a balance between
the crystallinity and amorphicity has to be maintained to balance the stability and ionic con-
ductivity.11 Block copolymers have definite hydrophilic ionic clusters (5e9 nm). The densely
sulfonated block copolymer with increased proton conductivity is less dependent on RH. The
oxidation of the sulfide linkage in hydrophilic block is oxidized to sulfone which increases the
acidity of the sulfonic acid group and improves the oxidative chain stability.12 Highly dense
sulfonated block copolymers with short hydrophobic block length provide well-defined
morphology and oxidative stability to the polymeric electrolyte membrane.
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Graft copolymers are synthesized by linking hydrophilic aromatic or aliphatic side chain to
the hydrophobic main chain. It contains ion conducting and nonion conducting units, form-
ing difficult homosequences. The morphology can be controlled by adjusting the length and
periodicity of the side chains. The size of ionic clusters and channels can be controlled by the
length and rigidity of the side chains, whereas the cluster density is controlled by the period-
icity of the side chains.13In a densely sulfonated copolymer, the hydrophilicehydrophobic
phase separation is created by isolation and localization of ion conducting functional group.
The repeating unit of these polymers will have more than two sulfonic acid group which pro-
mote clustering and isolation of ion conducting group.14

3.3 Acid- base complexes

Acid-base complexes are considered to be promising materials to be used as PEMs in fuel
cell application. These provide high proton conductivity at higher temperature without any
dehydration of the membrane. These types of PEMs provide better chemical, mechanical and
oxidative stability of the membrane. The much investigated polybenzimidazole(PBI)eH3PO4
complex shows promise as it offers good proton conductivity, mechanical and oxidative sta-
bility even to a temperature of 200�C. It was also found that the proton conductivity increases
with increasing dope concentration of H3PO4 and decreases with temperature.15 The interac-
tion forces between the acid-base membranes control the membrane swelling without
affecting its flexibility. Hence, these membranes generally possess low water uptake, good
mechanical strength, better thermal stability, and high proton conductivity. Some of the
more investigated acid-base membrane includes polyvinyl alcohol (PVA)/H3PO4, sulfonated
polymers such as SPEEK/PBI, SPPENK, SPBEK. The chemical structures of the acid and base
polymers are shown in Fig. 6.6.16

4. Inorganic nanomaterials

The inorganic nanomaterials investigated for the preparation of nanocomposite polymer
electrolyte of fuel cell include metal oxides (TiO2, SiO2, ZrO2), metal phosphates (ZrP,
BPO4), heteropolyacids (HPAs- HaZbMcOn) (Z ¼ heteroatom; M ¼ Mo, W, V in their higher
oxidation states), layered silicate minerals (nanoclays, zeolite), and carbon based nanomater-
ials(CNTs, GO). These materials generally improve the water uptake capacity, thermal and
mechanical stability of the PEMs.

4.1 Zirconium phosphate

The zirconium phosphate both in its amorphous and crystalline forms exhibit excellent
chemical and physical properties. The superb ion exchange characteristics, thermal stability,
and high aspect ratio along with its easily controllable morphology make it suitable for fuel
cell application. Amorphous zirconium phosphates can be synthesized in various forms such
as powders, gels, granules and films. Depending on the synthesis process and functionaliza-
tion techniques, various morphologies such as spheres, cubes, globules, irregular shapes can
be produced (Fig. 6.7).17 The crystalline zirconium phosphate has a layered structure which

4. Inorganic nanomaterials 131

I. Energy applications of nanomaterials



makes it more attractive due to its more easily controlled structure, exfoliation and intercala-
tion properties. The schematic representation of crystalline zirconium phosphate aZrP is
shown in Fig. 6.8.17

4.2 Heteropolyacids

Heteropolyacids (HPA) are polyoxometalate compounds having acid, base, and redox prop-
erties. The general formula of the basic structural unit, known as Keggin structure, of this class
of compound is HnXM12O40; where X is the heteroatomdP, Si, Ge, and As; M is the addenda

FIGURE 6.6 Structure of basic
polymers (AeD) and acidic poly-
mers (E, F).
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FIGURE 6.7 Morphologies of different types of amorphous ZrP: (A) ZrP spheres, (B) wormhole-like structure,
(C) globule agglomerates, and (D) amorphous ZrP thin film.17

FIGURE 6.8 Schematic expression of molecular structure of a-ZrP.18
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atomdMo, W, and V. Typical HPA include phosphotungstic acid [H3PW12O40.nH2O]
(PWA), phosphomolybdic acid [H3POMo12O4.nH2O] (PMOA) and silicotungstic acid
[H4SiW12O40.nH20] (SIWA). The crystalline form exhibits high proton conductivity.19 Among
these PWA is largely selected for study due to its strong acidity. However, its high water solu-
bilitymay lead to the leakage of PWAand instability of performanceduring operation. Conduc-
tion of HPA is due to the protons located on the bridging oxygen atom and its conductivity is
related to the number of water molecules coordinated to the unit. The degree of hydration in
HPA varies from 6 to 29 molecules of water per HPA molecule. The extremely high solubility
and their large particle size within the membrane matrix make ineffective bridging between
the ionic domains and limit the performance of nanocomposite membrane.

4.3 Solid acids

Solid acids are good candidates for proton conducting membranes due to their high proton
conductivity in the anhydrous state. But it is brittle and has very narrow temperature range
for the super protonic phase (i.e., between the transition temperature and melting tempera-
ture). The general formula is MmHn(XO4) (m þ n)/2, where M ¼ K, Rb, NH4, Cs; X ¼ S,
Se, P, As. It undergoes structural phase change at certain temperature.20 This compound
does not contain water molecules in their structure and its conductivity is independent of
the atmospheric humidity and it has high thermal and electrochemical stability. The most
well-known compound of this class is CsHSO4.

4.4 Metal oxides

The metal oxides, such as TiO2, SiO2, and ZrO2, are hydrophilic in nature and increase the
water holding capacity of the membrane and also block the passage of methanol through the
membrane. TiO2 nanoparticle, a polymorph material, exists in both crystalline and amor-
phous forms. Its major crystalline phases rutile, anatase, and brookite are stable at atmo-
spheric conditions. The relative stability TiO2 depends on its particle size. There are
different types of nanostructure for multiphase TiO2 such as nanoparticles, whiskers, fibers,
spindle. The amorphous TiO2 is synthesized as nanoparticles, nanotubes thin film and nano-
tube arrays. The amorphous and crystalline forms of TiO2 nanostructure of controlled size
and shape are prepared by sol gel process.

4.4.1 Nanoclay

Nanoparticles of layered mineral silicates consisting of layered structural units are called
Nanoclays. They can form complex clay crystallites by stacking one layer upon another.
The widely studied nanoclays montmorillonite (MMT) has a plate like structure and belongs
to smectite family. They have been thus much researched because of their properties such as
high cation swelling behavior, exchange capacity, and large surface area. They are dispersed
in polymer matrix as fillers or additives in polymer-nanoclay composite to improve the poly-
mer properties. The interfacial interaction between the nanoclay and polymer matrix signif-
icantly influences the performance of the polymer nanoclay composite. The interaction can be
further modified by surface functionalization of the nanoclays.21 The structure of MMT is
shown in Fig. 6.9.
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5. Composite membranes

The hydrophilic and proton conducting inorganic fillers are added to the PEM to enhance
the proton conducting and methanol blocking properties. The composite membranes based
on the Nafion inorganic material, aromatic and aliphatic hydrocarbon, and inorganic acide
organic base polymer mainly used for PEM is reviewed.

5.1 Nafion-based nanocomposites

The limited availability of water at the anode, electroosmotic drag of water from anode to
cathode and insufficient water back diffusion causes membrane dehydration. The membrane
dehydration increases the protonic resistance which in turn increases the ohmic resistance of
the cell and reduces cell efficiency. NafioneSiO2 composites were prepared using several
methods such as solution recast, sol-gel method, self-assembling method, and in situ sol-
gel methods. Sahu et al.22 developed NafioneSilica composite membrane using a novel water
hydrolysis process. A homogenous, transparent and less viscous inorganic sol was prepared
by water hydrolysis to prepare silicon alkoxide. This sol is incorporated into the polymer ma-
trix and heated at 90�C under vacuum. The transparent polymer film obtained is tested for
PEFC with varying RH between 100% and 18% at elevated temperature and atmosphere
pressure. When tested at 100% RH and 60�C temperature under ambient pressure, Nafion
1135eSilica (10%) composite membrane showed a peak power density of 720 mW/cm2,

FIGURE 6.9 The structure of montmorillonite clay.
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whereas the Nafion 1135 membrane had a peak power density of 550 mW/cm2. An excess
silica phase in Nafion matrix brings down the performance by causing electrode flooding.
Since Nafion-inorganic composite membrane exhibits lower resistance, the membrane sus-
tains higher load current density especially under low RH condition. Chang et al.23 prepared
Nafion/SiO2 composite membrane with controlled sizes of SiO2 nanoparticles by an in situ
sol gel process. These composite membranes were tested at 110�C and 59% RH. A 10% in-
crease in power density for composite membrane with 10 nm SiO2 nanoparticle was reported.
They also reported that at 100% RH and 30�C, Nafion 212 membrane has higher proton con-
ductivity than the nanocomposite membrane. Weilin et al.24 studied the NafioneSiO2ePWA
nanocomposite membrane prepared by sol-gel method. The proton conductivity of the
NafioneSiO2ePWA composite increased with increase in SiO2 concentration. But in Nafione
SiO2, the proton conductivity reduced with increase in SiO2 concentration. The methanol
permeability of the composite membrane was always lower than pristine membrane. The
decrease in proton conductivity with increasing silica content is due to the inhibition of the
proton conduction in composite membrane. But in NafioneSiO2ePWA composite, the
increased silica network holds more proton conducting PWA molecule. The immersion
time of the membrane in TEOS/methanol solution influences the methanol permeation
and methanol permeability of the composite membrane. The nonpolar TEOS molecular
will dissolve Nafion CeF backbone to lose the conducting �SO3- group.

A surface functionalizedmesoporous Zirconiumphosphate (MZP)was synthesized by Sahu
et al.25 The mesoporous MZP is impregnated with Nafion ionomer to prepare a NafioneMZP
composition membrane. The PEFCs with Nafion 1135eMZP (5%) composite membrane oper-
ated at 100% RH at 70�C produces a peak power density of 725 mW/cm2 compared to
655 mW/cm�2 of the PEFC with Nafion 1135 membrane. The performance of the composite
membrane increases with increase in MZP concentration and attains maximum power density
at 5%concentration. Themembrane at 18%RHproduces apeakpowerdensity of 353 mW/cm2,
whereas pristine Nafion produces 224 mW/cm2 under the same condition. The NafioneMZP
composite membrane performs better than pristine membrane under identical condition.

The surface characteristics of the TiO2 (5%) nanoparticle, incorporated in the Nafion matrix
affect the proton conductivity and hence the performance of DMFC at high temperature of
145�C and standard atmospheric pressure.26 Its high surface area and the hydroxyl group
on the surface of TiO2 promote the proton conductivity of the membrane at high temperature.
The crystalline structure of the filler does not affect the proton conductivity of the composite.
The composite membrane operated at 80�C does not significantly influence the performance
of the PEFC27 in the range of RH (26%e100%). But at 120�C, its performance was affected by
both RH and TiO2 content. The TiO2 particle in the polymer electrolyte increases the water
retention and proton conductivity due to the adsorption of Hþ.

5.2 Hydrocarbon-based composite membrane

Nanocomposite sulfonated hydrocarbons membranes have several required properties of
PEM such as reducedmethanol permeability, highmorphological stability even at high degree
of sulfonation, and less water swelling. Sulfonated aromatic polymers such as poly ether ether
ketone, poly arylene ether sulfone, poly imides, poly phosphazene, polybenzimidazole, and
polyphenylenes are extensively investigated as PEMs. These aromatic hydrocarbons have
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high mechanical, thermal and chemical stability, good film forming ability, and low fuel
crossover.

Inorganic fillers such as heteropolyacids, zirconium sulfate, and sulfonated silica are used
with random copolymers and block copolymers in order to compensate the disadvantages of
pure polymers. Well-dispersed fillers interact with the sulfonic acid group and form ionic clus-
ters. However, incompatibility of the inorganic material with the polymermay result in macro-
phase separation. Thiswill lead to poormechanical strength and lower proton conductivity due
to blockage of the transport path way. Composite SPAEmembrane incorporated with sulfated
zirconia was evaluated for its morphological changes and proton conductivity. The
morphology of the membrane depends highly on the percentage of the filler and its dispersity
in the polymer matrix. The size of the ionic cluster does not depend on the content of the filler.
The 5% concentration of thefiller gavemaximum ionic conductivity.Higher than 5%of thefiller
results in aggregation of the particle and restrict the channel of the hydrophilic domain. Similar
observation is made for composite made using sulfonated silica and SPAE.28

The size of the ionic cluster depends on the type of the filler. The composite membrane had
a lower water uptake and higher proton conductivity compared to the pristine membrane.
Also, the electrochemical performance was higher for the composite membrane both at
80�C and 100% RH and at 120�C and 50% RH. Hsu et al.29 investigated the effect of pyrene
sulfonic acid (PSA) filler added to sulfonated poly (styrene-b-isoprene-b-styrene) (SeSIS) tri-
block copolymer. A 2% concentration of the filler enhanced the ionic conductivity about 9
times more than the unfilled triblock polymer. With the addition of PSA, the ionic clusters
became increasingly small and connected due to the interaction of the filler with hydrophobic
polystyrene. With an increase in filler concentration, the ionic cluster size increases due to the
aggregation of the hydrophilic domain.

Pandey and Shahi30 investigated the application of composite membrane prepared from
sulfonated poly imide (SPI) and sulfonated silica precursor (SSP) in DMFC. SPI/SSP-40,
i.e., composite membrane with 40% SSP shows 6.34 � 10�2 S/cm proton conductivity.

Park et al.31 incorporated ionic liquid, an ion conducting liquid having high boiling point
and low volatility, into sulfonated poly(styrene-b-methanebutane) (SMB) block copolymers.
They explored the use of these membranes in medium temperature fuel cell application.
The study was conducted using three ionic liquids, namely, trifluoromethane sulfonate
(OTF), methane sulfonate (MS), and tetrafluoroborate (BF4). In all cases, the proton conduc-
tivity of the composite membrane is always higher than the pristine polymer membrane. The
hydrophilic ionic domain slightly more improved in composite membrane. The more fluori-
nated ionic liquid showed higher conductivity over all temperature ranges.

5.3 Acid-base complexes

The mechanical properties of the blended membrane are improved by the acid-base com-
plexes. In acid base blend system, sulfonated acidic polymer complexes with a basic polymer.
Na et al.32 blended SPEEK, acidic polymer with PBI, a basic polymer to form the acid-base
complex. Even though the proton conductivity of the acid-base complex is lower than the sul-
fonated PEEK membrane, the ionic conductivity was independent of temperature.

S. Changkhanchom and A Sirivat33 synthesized sulfonated PEKES and sulfonated gra-
phene oxide (GO) composite membrane with high degree of sulfonation which showed an
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improved proton conductivity of 0.0593 S/cm which is 7 times higher than Nafion 117 mem-
brane. A small quantity of the sulfonated GO (0.5%) added to SPEKES improved the mechan-
ical stability and proton conductivity of the composite. It also reduced the methanol
permeability in composite membrane compared to pristine SPEKES membrane. Rambabu
and Bhat34 studied SPEEKeamino acid functionalized GO (1%) composite membrane for
DMFC and reported an improved ion conductivity, decreased methanol permeability, higher
peak power density and a comparable open cell voltage to Nafion 117. Thirayu at al35 inves-
tigated SPEEK/sY Zeolite (15%) which exhibited improved water uptake, proton conductiv-
ity (0.0520 S/cm), mechanical property, oxidative stability, and reduced methanol
permeability (1.02 � 10�6 cm2/s) compared to the pristine SPEEK. Avanish et al.36 studied
covalently grafted PSSAeGO nanoplatelet (0.15%)eSPEEK composite membrane and its per-
formance in DMFC. It showed a peak power density of 170 mW/cm2 (Fig. 6.10B) which was
better than pristine SPEEK membrane and Nafion 117. The composite membrane also
showed better durability and a 40% reduction in methanol crossover. Nuha et al.37 investi-
gated cloisite incorporated SPEEK electrospun nanocomposite prepared for DMFC applica-
tion. The tortuosity developed by the cloisite layer in the membrane decreased the
methanol crossover by improving the barrier properties. The size of the cloisite particle
and the degree of dispersion influenced the properties of the composite membrane. However,
it showed an open cell voltage of 0.4 V which was much lower than expected. Sasikala et al.38

prepared a composite membrane incorporating functionalized Bentonite clay in SPEEK and
compared its performance with pristine SPEEK (Fig. 6.10A). It showed an open cell voltage
of 0.85 V and a power density of 140 mW/cm2. The proton conductivity, methanol crossover
reduction and OCV, improved at the temperature of 70�C compared to 30�C.

Pandey and Shahi39 prepared a nucleophilic attack resistant sulfonated PI using diamines
with high basicity and dianhydride with low electron affinity. Sulfonated silica precursor
(SSP) was incorporated into this sulfonated PI and the composite membrane was used in
DMFC for investigation. SPIeSSP (40%) showed a proton conductivity of 0.0634 S/cm and
a methanol permeability of 4.8 � 10�7 cm2/s for 40% SSP concentration.

Swati et al.40 tested composite membrane prepared using SPESeSGO for proton conduc-
tivity in the temperature range of 30e90�C and methanol crossover to use in a DMFC. The
high degree of sulfonation of PES causes swelling of the membrane. In order to overcome
this problem, sulfonated graphene oxide having excellent mechanical, thermal and structural
properties have been incorporated in SPES. The substitution of epoxy and hydroxyl func-
tional groups on GO by HSO3 enhances the properties of the composite membrane. Incorpo-
ration of small amount of GO improves the ionic conductivity, selectivity, and the methanol
crossover resistance. The composite containing 5% SGO has a proton conductivity of 0.058 S/
cm and a methanol permeability of 1.556 � 10�7 cm2/s.

An SPESePVAeexfoliated tungsten disulfide (E-WS2) nanosheet composite mem-
branes was tested for DMFC application.41 The E-WS2 nanosheet imparts excellent me-
chanical and thermal stability. It showed a methanol permeability of 3.42 � 10�8 cm2/s
and a proton conductivity of 1.18 � 10�2 S/cm. Esam et al.42 studied a PVA/TiO2 nano-
composite membrane and reported a reduction in methanol permeability due to filling
of the cavities by Ti3þ and O� ions and due to the complex formation. They noticed that
the ionic conductivity reduces with increasing crosslinking of the PVA/TiO2 matrix.
Yang43 studied the use of PVA eMMT e PSSA composite membrane for DMFC
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application. By introducing proton carrier PSSA, the ionic conductivity of the PVA/
PSSA blend membrane is increased and by introducing MMT, the methanol perme-
ability is reduced.

6. Conclusion

The cation exchange membranes considered as PEM in DMFC are perfluorosulfonic acid
membrane, hydrocarbon-based electrolyte membrane, and acidebase complexes. The PEM
contains hydrophobic and hydrophilic moieties in their structure. Microlevel phase

(a)

(b)

FIGURE 6.10 (A) Cell polari-
zation studies for DMFCs with
pristine SPEEK and composite
membranes at 70�C38 and (B)
Comparative DMFC polarization
for pristine SPEEK, SPEEK/PSSA-g-
GONP and nafion 117 at 80�C.36
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separation depends on the strength of the moieties. The hydrophilic moieties create ionic clus-
ters with interconnected microchannel. The size of ionic clusters and the interconnected chan-
nel depends on the strength and arrangement of these moieties in the matrix. The ionic
conductivity is facilitated by this water filled interconnected channel. In per fluorinated sul-
fonic acid membrane, the addition of the hydrophilic inorganic material in the polymer ma-
trix increases the water holding capacity of the membrane and also creates a tortuous path for
methanol which reduces the permeability through the membrane. The sulfonated polymers
have lower ionic conductivity and higher dimensional swelling compared to PFSAs. The hy-
drocarbon membrane can be grouped into four categories, namely, random copolymers,
block copolymers, grafted copolymers, and densely sulfonated copolymers, depending on
the arrangement of hydrophobic and hydrophilic moieties. When hydrophilic inorganic ma-
terials are added to these polymers, these will interact with sulfonic acid group and improve
the water retention capacity of the composite. The acidebase complexes membranes are ob-
tained by the introduction of acidic inorganic material such as H3PO4, heteropolyacids, solid
acids SiO2, TiO2, etc., to the basic polymers. Hence, it can be concluded that the composite
membrane is a better choice for the PEM of the DMFC as it helps in improving ionic conduc-
tivity and reduction in permeability of methanol.
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1. Introduction

Science is the systematic study of natural phenomena and their applications to human wel-
fare. Natural processes also produce polymeric foams. Due to their excellent properties when
compared to competing materials, they may be found almost everywhere. These are the ma-
terials of choice for a variety of uses including thermal insulation, food and beverage packing,
construction, electronics, sound attenuation, filtration, automotive, electronics, aerospace,
toys and furnishing, etc.1e3 Being elastomeric, flexible, and rigid, these types of polymer
foams can be made from a variety of polymers such as polystyrene (PS), polyisocyanurate
(PIR), polyethylene (PE), polypropylene (PP), polyurethane (PU), poly(ethylene-vinyl acetate)
(EVA), etc. Nowadays PU foams (PUFs), influence world foam production very effectively,
followed by PS and PVC foams. PS foam is the first created and usually used foam material
that shows lower mechanical features like low fracture strain. However, a type of foamed
polymeric substance has molded to different formulations, even though costlier when
compared to PS or polyolefinic foamed material. Recently there are copolymer based foams
that lead to elastic and resilient foamed materials in which elastomeric foamed ones exhibited
a comparatively huge difference in cell size because of diffusing of blowing agents while in
the foam process. Furthermore, mechanical and electrical properties decrease considerably at
low bulk densities of foams sign. Moreover, there will be cell orientation in the foam, which
will improve the resistance toward toughness, tear and puncture.
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The need for elastomer foams enhanced considerably in the last 2 decades because of their
smooth surface, non-particulating, and moisture-resistant properties. In addition, this type of
foamed material has very low volatile organic compounds (VOCs) and does not contain
formaldehyde or fibers, making the product, a worldwide accepted one. Elastomer-based
foamed substances are completed without the use of chlorofluorocarbons (CFCs), hydro-
chlorofluorocarbons (HCFCs), or hydrofluorocarbons (HFCs), causing it favorable regarding
the toughest environmental requirements. The production of elastomeric foam is progressing
several times and is thus apt in especially needed conditions. A nonhalogenated foam appro-
priate in high-temperature applications on stainless steel (up to 250�F), Foams with high-
temperature can withstand a temperature up to 300�F, accessibility of extra colors, which
include white that keeps handlers the additional time and cost of priming or painting on inte-
rior applications, laminated insulation regarding outdoor use where ultraviolet (UV)
exposure, weather, and physical abuse are a concern.

Moreover, the current accessibility of insulation with an in-built antimicrobial additive
serves as one of the most stimulating developments in elastomeric foam. Insulation, which
is clearly designed and placed provides immediate and long-term benefits. Insulation pro-
tects people, equipment, systems, and finally one’s budget. Energy expenses are considerably
reduced when a system is correctly constructed, insulated, and maintained, which saves
money and also guards the environment. The insulation of elastomeric foam expanded in
the year 1950s. The establishment of elastomeric foams and other materials based on polymer
signaled a significant shift in the industry from natural materials, such as cork, to synthetic
materials and chemicals for use. The insulation of elastomer rapidly gained popularity, owing
to the fact that it removed the demand for vapor barrier for blocking any transfer of moisture.
The insulating feature become more widely available in various forms (such as sheets, rolls,
and tubes), and it grew in prominence as an insulator, particularly in refrigerators, pipes, and
ductwork uses.

Thus enhanced properties like weightlessness, great impact strength, and improvement in
the insulating features make polymer foam find enormous applications. The enhancement in
properties of the foam resulting from the cell size and morphological characteristics leads to
microcellular and nanocellular foams.4,5 The lightweight and great strength are the potential
factors that determine the quality of polymer. The microstructure of the foam like the density
of the bubble, size of the bubble, and bubble size distribution, as well as the intrinsic
properties of the polymers that affect the mechanical property of polymer foams.6,7

Rubber foams are cured elastomers or expanded rubbers that play a major part in the
rubber industry. Rubber foams are classified into two groups: open-cell foams and
closed-cell foams depending on their cell structure. The gas phases (cells) are connected
to each other in open cell foams and the cells are isolated or separated by cell walls in
closed cell foams.8 Rubber foams exhibit thermal and sound insulating properties, absorp-
tion of energy, and structural application due to its properties viz low cost and low-
density.9 Chemical blowing agents(CBA) can be used for synthesizing both types of foams,
which will undergo thermal decomposition with the evolution of vapors and physical
blowing agents that attains expansion through decompression or the reaction based on
heat, undergoing nonchemical change.
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2. Classification of elastomeric foams

The morphology and cell structure of the material undergoing foaming are often classified
as open cells and closed cells, and they made noteworthy effects regarding the properties of the
foams.10,11 The effectiveness of energy absorption of the microcellular polymeric foams highly
hinges on the cell structure and size at the same time. Foam is an open-cell, lightweight mate-
rial, which is commonly used for insulation, filtration, and cushioning. These foamed materials
possess low density to allow air to flow through the cell structure. High-density foams have
been created for fluid sealing applications in addition to the typical applications for traditional
foam. The cells are more concentrated in higher-density foamed materials. The concentration of
cells is lower in medium and low-density foamed materials. The complex microstructure of
foams will have a strong impact on the mechanical property of foams. The relative density,
the extent to which the cells are opened or closed, and the geometric anisotropy of the foams
are some remarkable structural features of foams. A flexible material packed with cavities, or
bubbles makes up foam structures. By creating gas bubbles in a liquid foundation, which then
begins to set over a short period of time, revealing the final foam structure based on the prop-
erties of the liquid and gas. Open-cell foam and closed-cell foam come under the first category
of foams and there is a combination of the two, which is usually named as semi-open cell foam.

2.1 Open cell foams

The cells of open-cell foams are aligned one below the other, and they are in contact with
the surrounding air if there is no outer membrane. The flow of liquids and gases through
these foams is quite easy. Its cell structure has sound-absorbing properties and when flexible,
it exhibits cushioning characteristics.12 As a result, these foams are suited for sound absorp-
tion and cushioning applications (Fig. 7.1).

Open cell foam, on the other hand, has its applications. Being softer and springier,
providing excellent comfort and support for a variety of applications it offers, open cell is
employed in a variety of sofas, chairs, lower seats, and mattresses because of its outstanding
comfort level. Apart from that, open-cell foam comes in differing levels of stiffness and den-
sity, it can be incredibly soft or harder for more support. It can be seen in a variety of products
such as support aids, pillows, pet beds, etc.

Open-cell foam has no easily vaporizable organic compounds or ozone-depleting gases. It
is suitable for soundproofing and will not shrink, break or fade over time. It expands 100
times its original size while density ranges from 0.4 to 1.2 lbs./ft3.

2.1.1 Benefits of open cell foams

This type of foam has enormous applications in several areas such as soundproofing, pack-
aging with a protective layer, furniture upholstery, interior designs etc.

2.2 Closed cell foams

Closed cell foams consist of tiny cavities, which are totally surrounded by their walls and
therefore these are nothing as exchange with other cells.3,13 The water absorption capacity
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and water vapor permeability properties are lower when compared with open-cell foams.
These foams are also applied for numerous uses where a sturdier structure is needed such
as packaging and shipping needs, protection barriers, and more. As it is harder, closed cells
are good enough for purposes demanding added stability like transporting breakable items
from one place to another. It generates a good barrier to entrap heat and air conditioning in-
side a building in order to reduce utility costs. So this type of foam can be used in construc-
tion as building insulation. Some electrical and automotive applications too can be utilized by
these closed-cell foams (Fig. 7.2).

FIGURE 7.1 Open cell foams. Athavale S. The role of elastomeric foams in thermal insulation; 2018. https://doi.org/
10.13140/RG.2.2.33539.76325.

FIGURE 7.2 Closed cell foams. Athavale S. The role of elastomeric foams in thermal insulation; 2018. https://doi.
org/10.13140/RG.2.2.33539.76325.
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The closed-cell foam can be applied in inside and outside environments due to its high reli-
ability and structural strength. It is good for imparting heat and sound insulation as well as
reducing vapor transmission. Leakage is also prevented due to the structure of the foam
while it acts as a barrier to moisture transport. Closed cell foam is widely used in sealing
and insulation in several areas in addition to their application as disposable medical devices.

The properties, as well as performance of open-cell foam and closed-cell foam products,
may be different even if they are in similar appearances and also they should be treated as
two varying products. Some characteristics are common for both foams like shock absorbing
ability, thermal insulating property, and noise deadening, etc. 90% and above closed cells are
found in closed-cell foams, for open-cell foam, out of which there is as still any official defi-
nition, the figure is generally under 20%, even though it is having larger proportions. In addi-
tion, the basic features of the foamed material, viz tear strength, thermal conduction, average
density, water absorbing ability and water tightness, and permeability of vapor or compres-
sive strength directly depend upon closed cell content.

3. Nonlinear stress-strain behavior of elastomeric foam

Due to their light weight, designability, and good noise/vibration isolation/attenuation
features, polymeric foams are used in nonstructural applications all over the world. Generally
foamed material experiences large recoverable deformations when compared to solid mate-
rials, so it can perform as cushioning or buffering components.14 Elastomeric foams are high-
ly nonlinear in their mechanical property. Three types of compressive processes are taking
place in elastomeric foam such as linear elastic deformation at low strains (<5%) due to
the bending of cell walls, a plateau of deformation having a relatively low range of stress
owing to elastic buckling of cell walls and finally, there will be densification at higher strains,
due to crushing of cell walls, causing a sudden rise of compressive stress. An elastomeric
foam under deformation under tension can be divided into two stages: the first stage is
the foam deformation, which happens in a linear elastic manner that resembles the first stage
of the compression process, because of cell wall bending, and the second stage of tension, the
stiffness enhances gradually owing to cell wall rotation and alignment.1 Diene et al. have sug-
gested in creating constitutive relations regarding largely nonlinear material behavior by su-
perposition principle about strain rates. For elastomeric foams, the nonlinear region of the
stress-strain relation was recalculated based on ab-initio approximation. Polymers like poly-
ethylene, polyurethane, and silicone foams features will be in agreement with this formula-
tion by incorporating fillers that act as nucleating agents to impart porosity and shear
modulus behavior.15

The behavior of elastomeric foam is susceptible to strain rate based on the visco-
hyperelastic material model and it was discussed by Yang et al.16 Quasi-static response
and strain energy potentials are discussed in this model in terms of compressible hyperelas-
ticity and suggested polynomial series by the help of three independent parameters.
A nonlinear Maxwell relaxation model having four parameters are utilized to describe strain
rate sensitivity. This study mainly concentrated on the polyurethane elastomer-based foams
bearing two densitiesdPORON-4701e59-25,045e1648 (0.4 g/cm3density) (PORON-1) and
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PORON-4701e59-20,093e1648 (0.32 g/cm3 density) ((PORON-2). The comparison of the re-
sponses of two foams revealed that the above-said model will be beneficial to explain
compressible elastomeric materials visco-hyperelasticity loaded at increased strain rates.

The nonlinear stress-strain features for elastomeric expanded materials with large porous
nature were studied regarding different kinds of biaxial tension, uniaxial tension, and
compression by Iba et al.17 Regarding the expense and mass of the materials, the study
emphasized that porous elastomeric foams are superior to use. Their mechanical properties
derive from low-density cellular structures of corresponding polymer solids. In addition,
open cell foams containing air phase produce viscoelastic effects due to airflow caused by
stress. The air enhances the rigidity of the foamed material in a small period of time that
will be smaller when compared with typical time based on stress-driven airflow but will
give no rigidity for a large period of time because there, the outflow of the air will be easy
across cells.18,19 Moreover, on-linearity in compression is due to the stress-strain connections,
similar to thin beam bucking.18,20e22 As a result of the bucking and collapsing of each cell that
facilitates the elastomeric polymer undergoing compression with extremely little load, and
the compression associating bucking of the cell brings not any considerable lateral expansion.
Moreover, noncellular traditional elastomers under compression need limited load, which
leads to a significant level of lateral expansion by volume conservation. Elastomeric foams
with exceptional characteristics in compression behavior will be the cause behind their wide-
spread use in shock absorption. In addition, the mechanical properties of elastomeric foamed
materials are obviously compressible and undertake determinate modification in volume
before and after deformation. Herein they have taken the two types of cellular elastomeric
foams (Fig. 7.3) such as polyurethane open cell foam (PU) (PU-75-O) and natural rubber filled
with carbon black as the closed cells of (NR) (NR-100-C).

The nonlinear stress-strain feature of elastomeric foams with large pores (r*/rs < 0.1)
based on biaxial extension, uniaxial extension, and compression are experimentally deter-
mined. The Poisson’s ratio quantities for elastomeric foams are evaluated under finite tensile
deformation from the dimensional change and have been found to be around 0.24, which is
not depending upon its kind and magnitude of executed strain. Regarding planar extension,
there observed some exciting features, which will be derived from finite compressibility
where the dimension in one direction will not be changed.

Liu et al. proposed a nonlinear phenomenological model linked to large deformed struc-
tural foams.14 The stress-strain response, plasticity-like stress plateau, and densification
phases were explained using a model under compressive loads. In addition, in order to
determine the effect of initial foam density, this model parameter should be systematically
varied resulting in stress yield and hard-like or soft-like performance based on different
confinement situations. In order to validate the proposed constitutive model, two foam
types were with varying initial bulk densities. This model was also used fruitfully for
capturing the stress-strain response of two structural foams having varied initial densities
while exposed to uniaxial compression lacking lateral confinement as well as uniaxial
compression under rigid confinement. Foams of this type are heat-activated structural foams
that are now being used in automotive structures to modify the strength and/or stiffness of
structural members.
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4. Different types of elastomeric foam for energy application; energy devices

Polymeric foam structures have been used in practice since the 1940 and 1950s and now
because of their novel structural properties, these types of foams can be progressively applied
in the engineering field due to physical ease in use, successful packaging, comforting energy
absorption, fine insulating and cushioning properties. These returns show the way regarding
a lot of uses, like buoyancy, heat-insulating, packing, and gaskets. Thus, the microstructure of
the foamed material undergoes large deformations when it is utilized for general purposes.
Different types of rubbers such as styrene-butadiene rubber, polyisoprene rubber, natural
rubber, acrylonitrile butadiene rubber, poly (ethylene propylene diene), chlorinated polyeth-
ylene rubber, chloroprene rubber, poly(ethylene vinyl acetate), polyurethane, Poly dimethyl
siloxane, Silica reinforced Poly siloxane, polymer blends and polymer composite are also us-
ing to make foams in the academic world as well as in the industrial world.

FIGURE 7.3 The images of X-ray CT (upper) and optical microscopy (bottom) for (A) PU-75-O (open-cell foam) and
(B) NR-100-C (closed-cell foam). Iba H, Nishikawa Y, Urayama K. Nonlinear stress-strain behavior of elastomer foams
investigated by various types of deformation. Polymer 2016;83:190e198. Copy right 2015 Elsevier.
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4.1 Poly dimethylsiloxane based foam

Polydimethylsiloxane (PDMS) refers to one kind of polymer based on organosilicon, which
is represented by a formula CH3[Si(CH3)2O]nSi(CH3). If the organic material is a product of
silicon, then there will be an effective chemical bonding existing among silicon and oxygen
atoms in the backbone of the siloxane system as it promotes elasticity, optical transparency,
inertness toward chemical reactions, thermal stability, biocompatibility, and PDMS has been
the best effective supporting material, which can be used like an alternative in traditional
silicon for microchip fabrication regarding the existing study of microelectromechanical
systems (MEMS) and microfluidic devices.

Due to its exceptional surface properties, PDMS has a lot more applications like adulter-
ations in environmental conditions, defending coating against flame, also in corrosion/
oxidation.23,24 PDMS having silanol groups makes covalent bonds of metallo-siloxane
(SieO-metal) on the surface of metals in order to attain strong adhesion at the interface,
helping the material more applicable for controlling corrosion of metals and alloys.25,26

PDMS has also been used as antiicing as well as a self-cleaning agent for buildings and
car surfaces because of the instinctive hydrophobicity,27,28 moreover antireflection coatings
if combined with optical gridding as well as patterning.29,30 However, they have low den-
sity, a high area of surface, and improved flexibility compared to bulk material due to the
presence of air voids inside the PDMS material. These increased properties effectively
widen the application of porous PDMS into different areas.31e34

Choi et al. created porous PDMS with the help of sugar particles having varying sizes and
showed that enhancing the template crystals nonuniformity made finer absorptivity of or-
ganics.35 A 3D and metal-coated interconnected Ag/Cu-PDMS sponges with the help of an
electroless deposition method was also created by Liang and coworkers.36 The as-
synthesized composite showed high electrical conductivity for supporting LED lightings as
stretchable circuits as shown in Fig. 7.4.

Porous carbon/PMDS are also been an important component for secondary batteries and
soft conductors. Li and coworkers have synthesized GO/PDMS sponges through the process
of sugar leaching, hydroiodic acid reduction, and graphene oxide infiltration.37 Wang et al.
fabricated polydimethylsiloxane (PDMS) composite foams having macroscopic porous

FIGURE 7.4 Optical images of the original PDMS sponge and Ag/Cu-PDMS sponge, and the LED circuits built
with the Ag/Cu-PDMS sponge. PDMS, polydimethylsiloxane.
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open cell-structures and better-quality wettability CNP/PDMS composite foams and that is
behaving like an interfacial solar receiver for capturing solar energy. This composite exhibited
efficient localization of heat, excellent photo-thermal features, fine floatability, and chemical
stability for aiding effective interfacial solar heating. This CNPs and PDMS composite having
open cell-porosity brings outstanding photo-thermal efficacy as well as thermal energy pres-
ervation for attaining efficacy in solar-powered vaporization to cost-effective manufacture of
interfacial solar receivers. Thus PDMS and its composite foam served as excellent candidates
and find many applications in energy-related processes.

4.2 Ethylene propylene diene terpolymer-based foam

The ethyleneepropyleneediene terpolymer (EPDM) involves an important role owing to its
better resisting power toward aging, high chemical stability, also greater resisting power to
breakdown while performing mechanical operations. Wang et al. have developed ethylene
propylene diene terpolymer foams through two varying treatments by using carbon black
N330 as a reinforced particle with a high-surface area. In order to understand the microstruc-
ture and mechanical properties of the foamed materials possessing relative density varying
from 0.11 to 0.62, scanning electron microscopy analysis and mechanical testing were utilized
effectively. This study also mentioned the compression characteristics of EPDM foamed mate-
rial having a varied relative density between 0.11 and 0.62. EDPM matrix was assessed based
on properties like ideality, effectiveness, and absorption of energy-based diagram in order to
optimize the selection of foams toward hands-on purposes like cushioning and packaging.38

4.3 Elastomeric nanoclay-based foam

The addition of nanoparticles into elastomeric materials leads to improvement in the char-
acteristics of the host matrix. Nanoclay (NC), owing to its properties like degradation resis-
tance toward heat and its improvement in mechanical features makes the particles one of the
most efficient ones.39,40 In addition, expanded and cured elastomeric materials called rubber
foams/sponges plays a major part in the industry of rubber. Being low cost and low-density
value, the foamed product will be appropriate to use in heat and sound insulating situations,
absorption of energy as well as in structural purposes. Moreover, the presence of particle
added as fillers affect the morphology and general characteristics of natural rubber (NR) hav-
ing closed-cell foams. The reported method exhibited that nano-based carbon black (NCB)
plays a vital role in the cure characteristics, morphological characteristics, and mechanical
properties of rubber-based foams.41,42

Fig. 7.5 showed the influence of NC content on the NR/NC/NCB hybrid foams and its
compressive stress-strain behavior is shown in Table 7.1. It can be noticed that NC has a
well reinforcing nature and thereby it modifies the modulus of foam. The rubber-foamed ma-
terials can be compared with a composite regarding a continuous nanocomposite matrix
(NR/NC/NCB)and a dispersed phase (gas cells). These results confirmed that the mechanical
properties of both individual phases are not only the factors for the compressive stress-strain
behavior of these foams but depends also on their morphologies.
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These results showed that nanoclay-based foams can find novel applications owing to
their better properties in engineering like lower density, great damping, large specific
strength, stiffness, large fatigue strength, and greater thermal thermal stability.

4.4 Silica reinforced poly siloxane 3-D-based foam

Silicone elastomer or polysiloxane is an elastomeric polymeric material, which is having
silica as the reinforcing agent. Polysiloxane with silica fillers has high stability toward heat,
which enable it to function as good heat insulator.43 However, the polymers are versatile

TABLE 7.1 Effect of nanoclay content on the mechanical properties of NR/NC/NCB hybrid nano-
composite foams.43

Sample Elastic Stress at 50% Resilience(%) Hardness

Modulus (kPa) Strain (kPa) (Shore D)

N.0 500 258 79 18.1

N.1 666 320 69 21.5

N.3 841 395 63 25.9

N.5 887 432 58 32.0

N.7 911 453 51 38.0

N.10 918 448 37 37.0

FIGURE 7.5 Stressestrain curves of NR/
NC/NCB hybrid nanocomposite foams un-
der uniaxial compression. NC, nanoclay;
NCB, nanocarbon black; NR, natural rubber.
Ariff ZM, Zakaria Z, Tay LH, Lee SY. Effect of
foaming temperature and rubber grades on
properties of natural rubber foams. J Appl
Polym Sci 2008;107:2531e2538. Color figure
can be viewed at wileyonlinelibrary.com.
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in nature, which makes them applicable in daily experiences like automotive parts, machines,
packaging of materials, fabrics, and telephones. Others are having lesser visibility, including
circuit boards, composites for spaceships, and medicinal applications.

Insulators with silicone rubber coatings are also fabricated by Seyedmehdi et al.44 Polysi-
loxane rubbers are having worldwide industrial use because of outstanding stability. The me-
chanical properties like tensile strength, modulus, tear strength, elongation at break,
hardness, compression set, rebound resilience, and abrasion resistance of silicone rubbers
are commonly increased by inserting fillers. Fig. 7.6 shows the silicone rubber chain.

The excellent mechanical and physical properties of polymer composites find application
both in fundamental science and industrial fields. The elastomer is having silica as filler and
explore application as a heat insulator extensively for cars, house, and also day-to-day
appliances.

4.5 Supercritical Co2-based foam

Supercritical fluid technology produced remarkable steps in the previous epoch regarding
commercial use and a vital understanding of solution behavior. Many of these polymers un-
dergo a foaming process by supercritical carbon dioxide (SC CO2) includes plastics, like poly-
ethylene, polypropylene, polystyrene, and biodegradable polyester poly (lacticacid), poly
[(1,4-butylene terephthalate)-c-(1,4-butylene adipate) (BTA). It can be seen that rubber-like
or elastomeric materials involve difficulty in foaming with traditional foaming agents (chem-
icals).45 But the function of falling glass transition temperature, melting of temperatures
together with significant drop regarding the viscosity of polymers by SC CO2 offers an open-
ing to elastomer based foam materials as the movement of molecules and its orientation took
place while at the time of melting state at a lowered temperature. Depending on the thermo-
dynamic instability the foaming procedure comprises three steps: (1) formation of gas/poly-
mer solution; (2) cell nucleation; and (3) cell growth. This is so because CO2 will be largely
undergoing diffusion, which leads to amorphous elastomeric materials without any diffi-
culty. The advantage of foaming is expressed in terms of its greater viscoelastic feature (elon-
gational viscosity) of elastomers. The foaming process with CO2 can be divided into two steps
as shown in Scheme 7.1.

FIGURE 7.6 Silicone rubber chain. Seyedmehdi SA, Zhang H, Zhu J. Superhydrophobic RTV silicone rubber insulator
coatings. Appl Surf Sci 2011;258:2972e2976. https://doi.org/10.1016/j.apsusc.2011.11.020. Copyright 1986, Wiley.
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In the current situation, CO2 methods have developed like a potential process in order to
precipitate constituent parts from solutions with the conventional environmental and tunable
solvent benefits while also leaving particles solvent-free. Furthermore, these innovative
methods offer reasonable means to formulate thermally labile or biologically not stable com-
pounds, which find uses in drug-delivery systems as a progress.46 Moreover CO2 is a nonhaz-
ardous foaming agent, which is greener. As a result, the latest usages are to be found in
foaming decomposable or biocompatible polymers to produce porous supports or other med-
ical appliances. Sheridan et al. discussed CO2 to foam a highly amorphous biodegradable
copolymer of polylactide and polyglycolide having applications as three-dimensional tissue
engineering supports. The porosity was evaluated as high as 95%.47

4.6 Poly urethane based foam

Polyurethane thermoset foams (PUF) are widely used in the chemical industry, electronics,
textiles, medical and other fields owing to their large strength, outstanding wear resistance,
and varied hardness range. Polyurethane contains a bond (NHCOO) of the urethane repeating
unit. This is formed through the process of polymerization of isocyanates, polyols, and other
additives (Scheme 7.1). PUFs in general categorized into flexible foams and rigid or inelastic
foams. In addition, further categorizing are flexible PU slabs, flexible molded foams, reaction
injection molding (RIM), carpet backing, or two-component formulations, etc.48e50 Polyure-
thane has hydrogen bonding, which involves the natural link between polymer series thereby
increasing total functioning and characteristics. Moreover, polymer composite comprising
foams with nanosized fillers develops a high need in order to get weightless and highly func-
tioning foams for developing areas like aviation, automobile, and electronic industry.51,52 It is
also seen that polyurethane foams (RPUFs) with rigidity showed a choice of remarkable prop-
erties such as sound mechanical properties, prominent weather capacity, and reduced thermal
conductivity. RPUFs have a variety of uses as in automobile, packing, and building fields.53

SCHEME 7.1 Schematic representation of the CO2-foaming process. Tomasko DL, Li H, Liu D, Han X, Wingert MJ,
Lee LJ, Koelling KW. A review of CO2 applications in the processing of polymers. Ind Eng Chem Res 2003;42:6431e6456.
https://doi.org/10.1021/ie030199z. Copyright 2008, RSC Publishing.
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RPUFs features are modified to meet the demands of evolving applications. Likewise, PU
foams with flexibility have also synthesized for the purpose of varying outstanding features.
Moreover generally applied strategies for modifying the features of foam contains different
filler particles as reinforcement.54,55 The nanofillers are generally added in polyol, prepoly-
mer, or chain extender at the time of synthesis of PU, previous to the addition of the foaming
agent. Carbon nanotube(CNT), graphene, and carbon black are nanoparticles having enor-
mous applications owing to their excellent mechanical and physical properties. Combining
nanosized subdivisions with useful properties in traditional multifunctional PU foam is
familiar to developing the material functioning.

Foams of polyurethane with exceptional benefits of weightlessness, low cost, reduced den-
sity, superior manufacturability, change in shape, decomposition nature, and adjustable glass
transition temperature when compared with PU polymer. Due to their unique properties,
PUFs find application in various fields as follows.

4.6.1 Aerospace and automotive industry

Things like hinges, truss booms, and coilable truss booms based on PU have been inves-
tigated in the aerospace industry in addition to solar displays, deployable panels, and an
antenna having reflection was also found out.56

4.6.2 Radar absorbing and EMI shielding

Due to the high strength-to-weight ratio of materials the radar absorbing properties can
be attained in sandwich structures. So polyurethane-based foaming materials are getting
the tremendous application. By adding filler particles in PU foams, sandwich structures
of the core and face skins are synthesized. The spreading of reinforcing agents like fillers
disturbs the material toughness as well as boosts its absorption features. It is also noticeable
that polymer composites found application in EMI shielding owing to their weightlessness,
and corrosion resistance.57 There are varieties of nanofillers that can be utilized to reinforce
the composite of PU foams viz CNT, graphene and GO. Bernal et al. showed polyurethane
nanocomposite foamed one with rigidity inserting MWCNT fillers, which is conducting
electrically and behave as EMI shielding materials.58 Cell structure, density, and filler con-
tent are the factors that affect electrically based characteristics of PU nanocomposite foams
with rigidity. EMI shielding effectiveness in PU foam-based composite objects are concen-
trated by the dispersion of filler and its direction in conduction-based composites.

4.6.3 Fire proof materials

Polyurethane foams generally are igneous and highly combustible cellular materials. The
combustibility characteristics owing to foams based on polyurethane were the key factor to
limit their important applications. The property of fire retardancy of polyurethane foams
should be essential for packing, construction and building, and automotive needs. Polyure-
thane foams undergoing burning emit large quantity smoke and highly concentrated
hydrogen cyanide and carbon monoxide toxic products, which will be hazardous when
compared with common ignition outcomes. Numerous methods can be applied for increasing
its fire retardancy in polyurethane foams, which are the incorporation of fire-retardant addi-
tives, adding on materials having fire-retardancy like fillers in nanorange, and finishing a
layer with fire-retardant materials on PU surface.59e61
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4.6.4 Shape memory appliance

Polymer foams with porosity, lower-density, shape memory materials are active and have
tremendous applications on the technical side. Shape memory foams exist as things efficient
of keeping shape, which is not permanent by the use of a thermal, chemical, and another
stimulus regaining their original shape.56,62 Singhal et al. fabricated shape memory foams
of polyurethane from small molecular weight and branched hydroxyl monomers.63 There
are many reports on PU foams that highlights the effects of stimuli on shape memory and
thermal and thermomechanical characteristics regarding the material.

4.6.5 Sensor

The micro-structured elastomers and polymer nanocomposites find application in sensing
technologies and are being applied in capacitive devices, ferroelectric sensors, microfluidics,
optical waveguides, and semiconductor nanomembranes. Dielectric films based on PU elas-
tomeric foam, also stretchable metal electrodes exhibited strength to extremity situations con-
taining stretching and tissue-like folding and autoclaving. Due to their good elastic behavior
and large porous nature, foams having conductivity showed fine compressibility, also stable
piezoresistive sensing signals have strain up to 90%. The graphene-based porous foams focus
in a way on obtaining lightweight piezo resistive sensors having ultrahigh compressibility
and exciting sensing performances.64,65

4.6.6 Biomedical application

The fabrication of new biomaterials is a great demand for curing therapeutics accom-
plished by minimum enveloping surgical techniques. Both biocompatibility as well as biode-
gradability of polyurethane-based foams encourage their usefulness both in vivo and in vitro.
As a result, PU foams are greatly applicable in bone tissue engineering, nerve agent hydro-
lyzing enzymes, biocatalytic air filtering, absorption of biological fluids, injectable delivery
systems, and other various substitutes. The injectable drug delivery systems and bone tissue
engineering make use of Graphene- and PU-based foams to achieve good results. All appli-
cations of PUF-based composite are summarized and shown in Figs. 7.7 and 7.8.

4.7 Chlorinated polyethylene/chlorinated PVC-based foam

Chlorinated polyethylene(CPE)/chlorinated polyvinyl chloride (CPVC) is the low-cost
alternative of polyethylene holding chlorine substance from 34% to 44%. It is used as blends
of polyvinyl chloride (PVC) with soft chlorinated polyethylene enhancing the impact resis-
tance. In addition to its resistant power to the weather. In addition to this can be utilized
in PVC-based foils to make them softer, without risking plasticizer migration. The rubber in-
dustry utilizes chlorinated polyethylene, which is cross-linked peroxidically yielding elasto-
mers. Flammability will be reduced by adding chlorinated polyethylene to another
polyolefin. Like an outer jacket, chlorine-based polyethylene can be applied in power cords
at times. The integration of CPVC into CPE immediately enhances the foam properties,
thereby increasing the mechanical as well as fire functioning. Because of its acceptable cross-
linking like intermolecular and intramolecular chains of the polymer, the dense network
structure of CPE/CPVC having greater strength causes an enhanced size of the cell, lower
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FIGURE 7.8 Polyurethane foam and its application. Kausar A. Polyurethane composite foams in high-performance
applications: a review. Polym-Plast Technol Eng 2018;57:346e369. https://doi.org/10.1080/03602559.2017.1329433.
Copyright 2017, Taylor and Francis.

FIGURE 7.7 Polyurethane foam. Kausar A. Polyurethane composite foams in high-performance applications: a review.
Polym-Plast Technol Eng 2018;57:346e369. https://doi.org/10.1080/03602559.2017.1329433. Copyright 2017, Taylor and
Francis.
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density of cell, also modified dimensional stability of CPE/CPVC foams (CCFs). Moreover,
the flame-retardancy characteristics of foamed material (i.e., limiting oxygen index and
cone calorimeter combustion) may be supposed as being enhanced by the rise of CPVC con-
tent. The (CPVC) is a nonnatural polymeric product formed through additional chlorinating
PVC, which will enhance the heat and flame retardant nature of PVC.66

4.8 A hybrid core/soliddshell spherical-based foam

The usual cellular materials viz cancellous bone, beehive, wood, sponge, and plant paren-
chyma cell comprise of lightweight having unusual mechanical functioning with extra-
greater toughness and specific stiffness, strong energy absorption density. Yang et al.
fabricated an innovative hybrid foam-core/solid-shell spherical (FSS)structure. Super strength
and great absorption of energy are attributed to their hierarchical and hybrid architectures. The
planned FSS structure is probable to suggest a capable guide to plan protective structures with
extraordinary functioning capacities and super performances in the coming future.67

4.9 Polyethylene (flexible elastomer) based foam

As this material is a long-lasting, lightweight, resilient, closed-cell material, Polyethylene
(PE) foam has always been in need for packing delicate goods owing to its outstanding
vibration-dampening as well as insulation characteristics. This one correspondingly advances
strong resistant power to chemicals and moisture. Chemically cross-linked polyethylene foam
has high thermal and mechanical resistance. Moreover, this belongs to a class of closed-cell
foams utilized in varying applications. The important uses of PE foam comprising of packing,
controlling insulation as well as vibrations in aerospace, flotation devices, sporty equipment’s
and appliances insulation. As this type of foam usually involves better selection owing to its
closed-cell structure creating the material to produces more resistance toward mold, water,
mildew, and further moisture-related pollutants. It has good shock absorption and vibra-
tions, in addition to being a strong effective insulator. The important applications are enlisted
as follows.

4.10 Appliances

PE foam can be employed as thermal insulator and to reduce noise in many applications.
This type of foamed material is good in appliances in watery conditions, like washing ma-
chines or bathroom purposes as the foam contains cell structures as closed, which can
obstruct mold and several pollutants by microorganisms. This class of foams is good for
lowering the sound pollution of engines as well as their vibrations.

4.11 Insulation

Foams based on PE not only does it resist thermal energy well, but also put a stop to the
disturbance of bacteria, moisture, insects, and small creatures. Mainly the animals and bugs
must not cross the foam. This is the reason that PE-foamed material behaves like an excellent
pest barrier in homes.
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4.12 Packaging

PE foam is a great quality material for packing due to its efficacy in absorbing vibrations
and weather influences. It is also sufficiently better for insulation as well as protecting
oversensitive objects and is usually used for packing sensitive parts in electronics.

4.13 Aerospace equipment

Owing to its outstanding features, PE foam can be used as an insulator in aerospace. The
aerospace industry chose PE foam as an insulator because the weightlessness behavior makes
the foam to be a better one for use in situations where weight/mass comprises a significant
parameter. The foam will also be in the absorption of vibrations and noise even though in
flight.

5. Elastomeric foams in energy devices

The elastomeric foams are excellent in their properties and make them progress at a rapid
pace all over the world. These properties include lightweight, outstanding strength-to-weight
ratio, higher thermal and insulating abilities, energy absorption capacity, and suitable cush-
ioning and comfort characteristics.

The fabrication of completely foldable energy storage devices is an important challenge in
science as well as in the technical field, if foldable or wearable electronic appliances are to be
realized for the future generation. So it is essential to create novel electrically conductive ma-
terials, which are having super flexibility in order to gain folding or crumpling ability. Huang
et al. have fabricated reduced graphene oxide (RGO) layers with fixed porous nature showing
an elastomer scaffold-viz folding through graphene oxide (GO) layers. Their action has
shown an abundance of graphene layers with micro voids. On the basis of the folding
solid-state supercapacitors, these freer RGO films act dual functions as a current collector
and electroactive material. These RGO films with porous nature were utilized to synthesize
a foldable solid-state supercapacitor, showing stability toward electrochemically efficient
2000 uni and bi-folding cycles.68

Andrea Lamberti et al. also demonstrated that flexible supercapacitor electrodes use laser-
induced graphene (LIG), which acts as excellent material for activity.19,20 It exhibits a 3D
network consisting of multilayer graphene obtained by a process called laser writing process
on the surface of the polymer. Herein they displace the layer of LIG with porosity produced
upon a sheet of polyimide into a base PDMS (polydimethylsiloxane). The resulting composite
material exhibited exceptional mechanical properties characteristic of elastomers and possess
fine electrical conductivity, along with a large surface area naturally existing in the structures
of LIG. Asa result, electrochemical storage with improved functioning of symmetric superca-
pacitor could be attained. Thus host matrix possessing elastomer-based feature allows large
deformation regarding made-up appliances where it demonstrates high possibilities
regarding the progress of wearable and stretchable sources of energy-storage strongly apt
for the use like artificial skin and other conformal electronic systems.69
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Furthermore, One-dimensional supercapacitors yarn/fiber for electronics with miniature
equipment, implantable medical gadgets, and textile-based electronics are the most desirable
sources of energy compared with traditional three- or two-dimensional foam or film-type.
However, the majority of supercapacitors based on fibers (FBSs) basically hold elasticity hav-
ing inadequate stretchability and tensile strain. Choi et al. fabricated coils, pseudo capacitive
yarns as capable electrodes to achieve stretchable supercapacitors with high efficiency. In this
case, the bare CNT coiled yarns are introduced by incorporating a giant twist (50,000 twists/
m) in CNT spun yarns, that are taken as of multi-walled carbon nanotube (MWNT) forest.
These CNT coiled yarns are utilized like stretchable electrodes in electrochemical double-
layer capacitance (EDLC). EDLC-based supercapacitors with MnO2 will be considered since
MnO2 is a material capable of having pseudocapacitive behavior owing to their large theoret-
ical capacitance, small rate, and environmental friendliness. They are used in stretchable in
addition to strongly efficient supercapacitors based on the yarn, which use unexceptional
coreeshell-structured coiled electrodes in order to increase dramatically its energy storing
capability. Moreover, structured yarns of the Pseudo capacitive core(CNT)eshell(MnO2)
have been shown to have great elasticity, specific capacitance, mechanical and electrochem-
ical cyclability.70

Jiayi Yang, exhibited liquid metal elastomer (LMEF) with very soft mechanical properties,
upright compressibility, and both positive and negative piezo permittivity.71 They illustrated
the mechanism of the piezo permittivity of the LMEF from the foam structure (providing pos-
itive piezopermittivity) and the occurrence of deformable liquid metal (LM) fillers (providing
negative piezopermittivity). High positive permittivity will be needed for sensing meanwhile
it increases the difference in capacitance emerging from geometric differences to a capacitor,
although negative piezo permittivity possesses a path to develop capacitors that will not
change capacitance in reaction to deformation. Herein they reported a capacitive tactile
sensor having LMEF, establishing a large capacitance difference, great sensitivity, and large
initial capacitance. The capacitive tactile sensor is applied to quantify the movement of the
human body or identify the place in a sensor array. Based on the LMEF piezo permittivity,
an overall high-efficiency correction was demonstrated by changing the dielectric character-
istics of the LMEF in response to touch.71

NaNi and Ling Zhang illustrated Dielectric elastomers (DEs) included in electroactive
polymeric type (EAPs) showing noteworthy electromechanical impact, that finished as
incredibly impressive across the last several decades as an application in soft actuators, gen-
erators, and sensors. Dielectric elastomeric sensors are made up of an elastic and flexible
dielectric polymer sandwiched between two compliant electrodes, which are grounded based
on the plane-parallel capacitors principle. Mechanical deformations, like pressure, strain,
shear, and torsion have to be measured by using elastic and sensitive dielectric elastomer
tactile sensors, akin to human skin as a result of the progress in stretchable polymers and
stretchable conductors. For extreme sensitivity as well as rapid response, dielectric layers
with air gaps and microstructure are utilized in pressure sensors or multiaxial force sensors.
Multimodal-based dielectric elastomeric sensors have been stated in such a way as it will spot
mechanical distortion nevertheless it again detects temperature, and humidity, in addition to
chemical and biological stimulation in human-action examining and personal healthcare.
Henceforth, dielectric elastomer sensors generally involve high capacity use in wearable
appliances, soft robotics, diagnosis in the medical field, and structural health observation,
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due to their high distortion, reduced expense, effortlessness in creation, also easiness of incor-
poration regarding monitored structures.72

Alan Fletcher et al. fabricated CNTs-based elastomer nanocomposite foams within fluoro-
carbon polymer creating outstanding capacity in the production of electromagnetic static
discharge (ESD) and electromagnetic interference EMI shielding materials. It also added
the benefit of its flexible and weightlessness nature.73

Ecoflex-0030 elastomer and liquid metal alloy, a soft porous composite was developed first
time by Suryakantam Nayak, where the composite contains unsystematic porosities, which
act like tiny triboelectric nanogenerators.74 The triboelectric foam formed an extreme peak-
to-peak short-circuit current having w466 nA and open circuit voltage having w78 V
regarding a sample of size 5 �5 �1 cm, where the output current is w20% advanced when
comparing to formerly informed triboelectric foams grounded within polydimethylsiloxane
and lead zirconate titanate/carbon nanotube having equal area. Moreover, the quality of
the surface enhances its softness and increases the formation of charges resulting progress
of 36% triboelectric charge. In jogging, shoe insole having porosity with 3 wt parts of LMA
in Ecoflex matrix, generate a sudden power of w2.6 mW. Also, this insole displays capacitive
stimuli to distortion, which aids this sensor owing in accomplishing force, motion, and
weight calculations. Thus, the shoe insole creates an immediate power of 2.6 mW during
jogging situations, which is applied to power ECG chips and another wearable sensor based
on a small scale. Thus, gained rapid power density seems to be considerably larger than
formerly stated foams with triboelectric nature depending on PDMS and CNT/PZT. Howev-
er, loading in different static or cyclic forces leads to a change in capacitance. Consequently,
this kind of composite material has been utilized as a sensor to measure force as well as
weight. These porous material composites with porous nature produce energy from stretch-
ing, bending, and twisting making them wearable energy harvesters to power wearable
sensors.74

6. Conclusions and out look

Varieties of elastomeric foam, its energy applications, and energy devices are presented in
this chapter owing to its novel properties like lightweight and flexibility. Polymeric foams
occupy a major role in the industry as well as in commercial applications. This chapter
also highlights the incorporation of varieties of organic and inorganic nanofillers in polymeric
foam and its impact on enhancing its properties. In foaming, foams with exact cellular struc-
ture are created by embedding nanoparticles as fillers inside cell walls or within the cavities.
The total performance of the polymer foam can be measured by the influence of the density of
the cell, density of the foam, nucleation impact of nano ranged particles along with enhancing
the concentration of nanofiller. As a result of the electrical conduction, thermal conduction,
large specific surface area, and mechanical strength, polymer foams are widely used for
multifunctional applications. The technological improvements in processing and advanced
developments regarding sustainable solutions based on polymeric composite foams will
produce important outcomes with the greatest applications in many areas, especially in
energy devices.
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1. Introduction

Cellulose is considered one of the most naturally occurring organic polymers and its annual
production is estimated as greater than 7.5 � 1010 tons and used as a sustainable raw material
used in the paper industry. The various sources of cellulose arewood, agriculture residues, and
annual plants. The amount of cellulose inwood is approximately 40%e45% byweight depend-
ing on the species. The cell wall of plants is made up of cellulose which is present in the form of
microfibrils and packed to form cellulose fibers. Every individual unit of cellulose fiber is an
element in the cellulose microfibrils and is seen as embedded in a matrix that is made up of
lignin and hemicellulose. Lignin can be immediately oxidized by a basic medium at a high tem-
perature and cannot be hydrolyzed in an acid medium, whereas hemicellulose constitutes an
amorphous structure and contains polysaccharides.

There are various types of nanocellulose such as nano fibrillated cellulose, cellulose nano-
crystals, and bacterial cellulose that are attained from different procedures. Nanofibrillated
cellulose is isolated by mechanical processes under high-pressure homogenization, crushing,
and filtering, while cellulose nanocrystal isolation is done by acid hydrolysis. Upon acid hy-
drolysis, nanofibrillated cellulose undertakes transverse splitting in the amorphous regions
upon sonication resulting in rod-like materials that are denoted as cellulose whiskers. The
properties of natural plant-derived cellulose nanofibers are affected by various components
like cell dimensions, chemical structures, microfibril angles, and internal fiber structures
which vary among the different parts of a plant. Bacterial cellulose is manufactured by a se-
ries of biotechnological processes from low-molecular-weight carbon sources (Fig. 1).
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1.1 Methods for nanocellulose isolation

The isolation of nanocellulose is from the secondary cell walls of plants, and its production
is done by several procedures. The lactase enzyme can reduce or modify the lignin and hemi-
cellulose contents without disturbing the cellulose content.

The mechanical treatment is applied in cellulosic materials for defibrillation. Chemical and
enzymatic treatments are carried out to increase the ease of mechanical fibrillation. The defi-
brillation techniques including refining, grinding, bleaching, ultrasonication, and homogeni-
zation depend on the morphology of nanocellulose. Li and Wei tested sugarcane residue with
ionic liquids (1-butyl-3-methylimidazolium chloride) under a high-pressure homogenization
technique to prepare nano fibrillated cellulose. Minimize energy usage in nanocellulose pro-
duction by mechanical processes usually requires chemical pretreatments including alkaline,
acid, oxidation, and the enzymatic treatment of cellulose. The removal of lignin, hemicellu-
lose, and pectin solubilization is achieved by acid-alkaline pretreatment prior to the mechan-
ical isolation of nanofibrillated cellulose. The extraction of nanofibers from jute fibers by

FIGURE 1 Graphical illustration of the hierarchical structure of wood, from macroscopic to molecular scale. Tree
image is adapted from ref [1]. Copyright 2017 American Chemical Society. The cell wall comprised of multilayers is adapted with
permission from ref [2]. Copyright 2006 Springer Nature.
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treatments with DMSO is followed by acid hydrolysis.1 The simple and fast technique to
regenerate nanocellulose is of electrospinning method, and it can be potentially scaled up
to industrial applications.2

1.2 Nanocellulose-based functional materials energy applications

Global demand for energy usage is growing because of the higher living standards of
modern society. The part of energy storage systems is based on inorganic, carbonaceous
substances, hydrocarbon-derived petroleum products, and metal compounds. Fossil
fuel is a major source of energy that is being used to meet greater global demand for
fuel. However, the usage of fossil fuels exacerbates pollution and global warming. A
shift from the use of fossil fuels to renewable energy sources is inevitable while consid-
ering the current and future environmental challenges we will face over the next few
decades.

One of the most abundant and almost inexhaustible natural bio-polymers is cellulose. Cel-
lulose is considered an alternative to fossil fuel-based polymers which is a bio-degradable,
bio-compatible, and renewable natural polymers. The glycosidic oxygen bridges of cellulose
monomers are joined by b-1,4-linked glucopyranose (Fig. 2). The monomer unit in cellulose is
twined by an angle of 180 degrees with respect to its neighbors. Cellobiose is a dimer of this
natural polymer, and it is the repeating unit. Depending upon the source, the degree of poly-
merization of wood-derived cellulose may change and it is approximately 10,000 glucose
units while cotton-derived cellulose is 15,000 units. The characteristics such as hydrophilicity,
chirality, and biodegradability of cellulose are due to the presence of three hydroxyl groups
in glucopyranose.

Cellulose is a unique, sustainable, functional material with appealing mechanical and elec-
trochemical characteristics: it has a high surface area and fibrous structures, is economically
feasible, has excellent stability in most solvents, thermal stability, hydrophilicity, high specific
modulus (w100 GPa/(g/cm3). Nanocellulose has been widely used as a separator, electro-
lyte, binder, and substrate material for energy storage. In addition to this, nanocellulose-
derived carbon materials have gained scientific attention in sustainable energy storage due
to their raw-material abundance, low-cost, high conductivity, and sensible electrochemical
performance. The derivatives of nanocellulose are inexpensive and environmentally friendly,
make them as promising candidate for the fabrication of green renewable energy storage
devices.

FIGURE 2 The chemical structure of cellulose, which is a linear polymer made up of b-D-glucopyranose units
covalently linked with (1e4) glycosidic bonds.
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1.3 Cellulose-based supercapacitors

A supercapacitor is referred to as an electrochemical energy storage device possessing high
power, a long life cycle, and low maintenance cost. Supercapacitors are classified as electrical
double-layer (EDL) capacitors and pseudocapacitors. In EDL capacitors, the electrochemical
energy is accumulated by the adsorption/desorption of ions, and the pseudocapacitor works
based on redox reactions.3 There is another type of supercapacitor available: hybrid superca-
pacitor, a small-footprint, high-power energy storage device that comprises two kinds of elec-
trodes. Hence, hybrid supercapacitors have a high energy density, high power density, and
high cycling stability.

The unique chemical structure of nanocellulose is (1) good mechanical stability and a high
aspect ratio modifies the nanocellulose highly for flexible energy storage applications (2)
ample of eOH groups on the surface of nanocellulose permitting a wide possibility of hybrid-
ization to convert nanocellulose into composite electrodes and separators, (3) nanocellulose
possess good structural, thermal stability, and wettability in different electrolytes makes it
as a good candidate for the applications of electrochemical energy storage (4) Because of
high porous structure, doping nature, high surface area, tunable microstructure, high carbon
content, and easily modifiable properties of nanocellulose making it an outstanding candi-
date for the preparation of electrode material. The nanocellulose hydrogels/aerogels with
tunable surface structures enable the deposition of electroactive and conducting materials
to produce electrode sheets and supercapacitor systems.

1.3.1 1D supercapacitors

Nanocellulose fibers have flexibility, good mechanical robustness, and numerous pores
which enable the nanocellulose network for active material loading making it a perfectly
strong and flexible material for 1D energy storage devices. Gogotsi et al. reported porous car-
bon materials that can be embedded into cellulose-based yarns for wearable supercapacitors.4

The functional modification of biopolymer is achieved by adding a controlled amount of mo-
lecular cosolvents and ionic liquids. They suggested that the natural fiber welding process
converts cellulose yarn into supercapacitors. In this way, the natural fibers are combined
with functional materials (e.g., nano carbons) to generate hybrid macroscopic fiber electrodes,
which reveal both high capacitance (up to 37 mF /cm) and flexibility.

1.3.2 2D supercapacitors

2D flexible supercapacitors are highly attractive and used in portable and wearable elec-
tronics. The relatively high specific surface area and multifunctional electronic structure of
two-dimensional (2D) materials, such as MXene, molybdenum disulfide (MoS2), and gra-
phene, make it an ideal candidate for applications in flexible energy storage devices. Nano-
cellulose contains a hydrophobic CeH part that can interact with the hydrophobic part of 2D
material and the hydrophilic part of the nano cellulose forms H-bonding with the hydrophilic
OH group at the defective edges of 2D material. A simple 2D paper supercapacitor was pre-
pared by applying carbon nanotube ink on A4-sized cellulose paper.

In the same way, flexible supercapacitors are designed by printing, filtration, or coating
methods engaging various carbonaceous materials, conductive polymers, or metal oxides.
The preparation of electrodes in the form of films of graphene and nanocellulose was
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proposed by many researchers. Such supercapacitors exhibit high mechanical strength, high
specific surface area, high cyclic stability, fast charging, and discharging rate, and high-power
density.5,6

1.3.3 3D supercapacitors

Flexible energy storage systems have recently gained attention in terms of portable elec-
tronic devices. In situ polymerization of three-dimensional cellulose/graphene, tailoring its
nanostructure and functional modification of graphene provides a massive platform for en-
ergy storage. The nanocellulose/graphene oxide 3D supercapacitors were developed by
Liu et al. The bond between the carboxyl group of graphene oxide and the hydroxyl group
of nanocellulose has not allowed the piling of graphene oxide layers thus preventing the ag-
gregation of nanocellulose in the platform. The nanocellulose-based aerogel is used as sub-
strates of energy devices due to the advantages of high porous structure, large specific
surface area, and extremely low density. The H-bonding interaction between water and cel-
lulose, the fabricated nanocellulose aerogels could remain in their shape in the water. The
support material used for electrochemical energy storage devices is bacterial cellulose-
derived carbon nanofiber aerogel with high porosity, large surface area, large thickness,
and controllable doping structure.

Wu et al. made a 3D scaffold aerogel with increased porosity and surface area.7 In addition
to aerogel, three-dimensional electrodes are also prepared from wood-based materials, and it
is possible to increase the thickness and mass loading of the electrodes as well.

Naturally obtained wood-based materials are relatively abundant and renewable energy
sources, the merit of wood-based materials consists of large thickness, long channels with
small tortuosity, rich pathways for electrons and ions, and mass loading capacity.

The strategies of constructing wood-based energy storage devices can be divided into
three types: (1) direct utilization of wood and its carbonaceous products as separators and
electrode active materials, (2) carbonization process of the wood membrane to perform as
a three-dimensional current collector, enables various types of electrode active materials to
be penetrated or coated into the pores, (3) the three-dimensional electrodes are fabricated
from the single multi-channelled structure of wood. The manufacturing of various wood-
based electrodes and devices with multiple functions depends on the variety of these con-
struction strategies which helps encompass the scope in the field of energy storage
applications.

1.4 Cellulose-based separators and electrolytes

Nowadays lithium-ion batteries are used as one of the important and most promising en-
ergy storage devices. Lithium-ion batteries are not only used in laptops, digital cameras, and
portable electronic devices but also used in wearable/flexible devices, large-scale power sour-
ces, and hybrid electrical vehicles. In lithium-ion batteries, the anode and cathode are sepa-
rated by a permeable membrane. The important function of a permeable membrane is to
prevent an electrical short circuit between the anode and cathode of electrochemical cell.
The permeable membrane allows the passage of ionic charge carriers that are essential to
close the circuit in an electrochemical cell during the passage of current.
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The critical components used in liquid electrolyte batteries are separators. Separators
should be chemically stable to nonaqueous organic solvent and electrochemically stable
with regard to the electrolyte and electrode materials and mechanically strong enough to
resist the high tension during battery construction. The structure and properties of separators
play a key role in influencing the energy density, and cell performance, including service life,
power density, and safety.

The excellent mechanical strength and chemical stability of polyethylene and polypro-
pylene are used for the manufacture of membrane separators. The natural abundance and
structural configuration of cellulose make it a favorable applicant for the manufacture of sep-
arators, reinforcing agents in gel polymer, solid polymer electrolytes, and electrodes. The
lithium-ion battery separators are made up of a large variety of cellulose including nanocrys-
talline cellulose, ordinary cellulose, cellulose nanofibrils, and bacterial cellulose. The deriva-
tive of cellulose such as cellulose acetate butyrate, cellulose acetate, methylcellulose, cellulose
di acetate, hydroxy propyl methyl cellulose, carboxy methyl cellulose, and hydroxy ethyl cel-
lulose, etc., are commonly used.

Cellulose microfibers are the most common substrate in commercial paper. Paper is the
most exploited and cheapest substrate that exhibits favorable properties such as low price,
recyclability, mechanical flexibility, and biocompatibility. The cellulose microfibers in paper
form a rough, mesoporous platform with many surface functional groups which is helpful for
binding electroactive and conducting materials and the porous structure enables the fast mass
transport of chemical species. In the case of lithium metal/liquid electrolyte systems, where
uneven lithium dendrites grow during electrochemical cycling and can lead to an explosion.

A good electrolyte must satisfy several conditions,8 it neither react nor degrade in the
normal voltage range nor leak or vaporize during the cell operation. The physicochemical
robust nature helps the formation of iron pair and promotes þ vely charged lithium-ion. It
should also be suitable with the electrode and penetrate the pores of the separator. Above
such characteristics need to be maintained over many charge/discharge cycles. Today the
most used electrolytes are the mixtures of ethylene carbonate and ethyl methyl carbonate,
dimethyl carbonate, and diethyl carbonate. These mixed electrolytes are volatile polar,
very low thermal stability, polar, flammable, and low electrochemical stability together
with high reduction potential. Due to this inherent drawbacks scientists are looking for
new alternatives such as solid-type gel-type electrolytes. Several methods are, but nanocellu-
lose has been used as a new substrate for solid-state electrolytes. A. Chiappone et al. devel-
oped micro fibrillated cellulose polymer electrolytes for Li-ion batteries. Nair et al. reported
that polymer electrolyte membranes with cellulose possess good mechanical stabilities.9,10

1.5 Nanocellulose for metaleair batteries

In the future energy network, the electrochemical energy storage devices are essential com-
ponents to safeguard the unpredictable energy generation and supplies from renewable sour-
ces. When compared to lithium-ion batteries, metal-O2 batteries have much higher theoretical
energy density and are frequently promoted as the solution for next-generation electrochem-
ical energy storage applications in electric vehicles or grid energy storage. For achieving elec-
trochemical reliability, the active and durable electrocatalysts in metaleair rechargeable
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batteries can accelerate the evolution reaction and oxygen reduction reaction. The electroca-
talysts can be generally divided into seven: (1) transition metal oxides, containing single-
metal oxides, noble metal oxides like RuO2and mixed-metal oxides; (2) functional carbon
materials consist of nanostructured carbons and doped carbons; (3) metal oxideenanocarbon
hybrid materials; (4) metalenitrogen complex including nonpyrolyzed and pyrolyzed; (5)
conductive polymers; (6) transition metal nitrides; (7) noble metals Pt, Ag, Au, and its alloys.

The development of electrocatalysts for both primary and rechargeable metaleair batteries
have gained great attention in recent years. The chemical kinetics of the reaction is very low;
therefore, metals such as platinum, ruthenium, and iridium, and their alloys are used to
enhance the rate of electrochemical reaction. At the same time, the relatively high amount
of precious metals and inadequate electrocatalyst impose a hurdle to practical application.
Recently, the precious metal catalyst is replaced by cost-effective cellulose derives air catalyst.
The electrocatalytic spots are generated by the pyrolysis of nano cellulose.

Heteroatom doping is usually used to change the nature and chemical properties of pure
carbon materials and attain advanced metal-free carbon catalysts for rechargeable metaleair
batteries to promote electrochemical properties. Doping carbon with hetero atoms such as N,
P, S, and B can modify the properties of carbon. The structure-engineered nanocarbon doped
with a heteroatom, nitrogen (N) has facilitated catalytic reactions. Because nitrogen has a
larger electronegativity value than carbon, relatively small covalent radii, and a similar
atomic size to carbon, five valence electrons of nitrogen are used for bonding with carbon
atoms. Nitrogen has a higher electronegativity value than carbon that can attract electrons
from carbons creating defects and induce conductivity of the carbon material and thus
enhancing battery performance.

Nitrogen-doped bacterial cellulose carbon nanofiber aerogel was reported by Yu et al. for
zinc-air batteries. This nitrogen can induce defects at the graphene edges or basal planes.
Structurally these defective sites act as active regions for the reduction of oxygen and
show good electrochemical stability in basis media.11

Cellulose nanofibril-based alkaline anion exchange film was announced by Chen and co-
workers. Surface modification of cellulose nanofibril with quaternary ammonium salts brings
about 2-QAFC exhibiting high hydroxide ion conductivity and a separator for metal-air bat-
tery. The membrane allows the passage of eOH ions between the metal and air, and the wa-
ter holding capacity of the membrane, low anisotropic swelling boosted the specific
capacities; and improved cycling performance.12

1.6 Nanocellulose fabricated solar cell

Low cost, compatibility with flexible substrates, and lightweight organic photovoltaics
have developed as an economic potential substitute for silicon-based solar cells. Conventional
and inverted are the two configurations of organic photovoltaics. The inverted configuration
is inert to both oxygen and humidity, so they favor long-term stability. Nanocrystalline cel-
lulose and nano fabrillated cellulose have low thermal expansion coefficients, dimensional
stability, transparency, dominant reinforcing potential, and unique value of high Young’s
modulus. Smooth and highly transparent films are prepared from cellulose fibers. These
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transparent films are used as an alternative and interesting substrate material for organic so-
lar cells, light-emitting diodes, thin film transistors, and touch screens.13e16

An efficient and well-organized polymeric solar cell was prepared by Zhou et al. in 2013
with nanocrystals of cellulose as the substrate. The polymeric solar cell showed an efficiency
of 2.7% and exhibit good rectification in the dark. An alternate work conducted by Zhou et al.
shows an efficiency of 4%. The solar cell is also prepared by depositing conducting polymer
to nanocrystals of cellulose via a film-transfer lamination process.17

To achieve the light scattering ability, solar cell materials have high light scattering and
excellent optical clearness or haze. Approximately 96% transparency and 60% ultrahigh
haze novel wood-based nanocellulose paper were developed by Fang et al. To attach the
carboxyl group in to wood fiber, it is treated with an oxidizing agent TEMPO/NaBr/NaClO.
This process reduces the H-bonds between the cellulose fibrils and converts it into a high-
density material having excellent optical properties. The power conversion efficiency of
wood fiber-based transparent paper increased from 5.34% to 5.88% as compared to regular
cellulose-based materials.18

1.7 Conclusion

Especially cellulose is an auspicious material for the preparation of economically cheap,
lightweight, soft, and viable supercapacitors. The most naturally rich renewable organic
bio-polymer cellulose has several interesting qualities including good porosity, hydrophilic-
ity, and mechanical flexibility. These countenances make cellulose an ideal architecture block
for connecting with a variety of capacitive energy storage substrates. Methylcellulose an eco-
friendly polymer material was successfully used in lithium-ion batteries. Conductive mate-
rials derived from nanocellulose have been extensively adopted in the area of energy
materials, such as solar cells and lithium-ion batteries. The impressive characteristics of
cellulose-modified composite materials and carbon materials used as independent elements
for high-performance sodium-ion capacitors or sodium-ion batteries.
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1. Introduction

Polyaniline (PANi) is a conducting polymer that has been widely explored for electro-
chemical applications in the field of energy storage and as a sensing platform for the detection
of various moieties. The properties of PANi such as economical and feasible methods of syn-
thesis, appreciable conductivity that can be modulated, better environmental stability, alter-
able doping/dedoping chemistry, and fascinating redox properties due to the existence of
variable oxidation states make PANi attractive for diverse applications.1e4 The functionaliza-
tion of PANi by forming composites with nanomaterials like metal oxides, metal nanopar-
ticles, metal sulfides, metal-organic frameworks, carbon nanomaterials, etc. has improved
the many-fold properties of PANi and widened the scope of application in different
arenas.5e8

The need for alternate clean energy sources to solve the problems of energy catastrophe
arising from the exhaustion of fossil fuels necessitated the development of supercapacitors
as energy storage devices.9 Among the conducting polymers, polyaniline can be considered
the most prospective choice for developing electrode materials compared to the high molec-
ular weight counterparts such as polythiophene and polypyrrole.10 Polyaniline possesses the
properties vital for developing electrode materials for supercapacitors such as good electro-
chemical activity, high specific capacitance, and appreciable stability in acid medium.11 The
drawbacks of polyaniline such as structural instability due to swelling and shrinkage of
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individual polymer chains during the charge-discharge process can be significantly improved
to a great extent by forming composites with nanomaterials and carbonaceous materials.12,13

Another provoking challenge faced by the scientific community is the development of
sensing materials competent for sensing environmental pollutants ranging from toxic gases
to persistent organic pollutants.14 In this aspect also, polyaniline has been utilized as the
sensing platform for fabricating electrochemical sensors on account of the peculiar optical
properties of the polymer and the existence of three oxidation states having a different color,
electrical conductivity, and stability.15,16

2. Fundamental principles

2.1 Electrochemical sensing

Electrochemical (EC) sensors belong to the subclass of chemical sensors, which senses the
concentration of an analyte based on a chemical reaction. The EC sensors detect the informa-
tion allied with chemical reactions and convert it into the form of measurable current (amper-
ometric/voltammetric method), conductivity (conductometric method), and voltage or
potential (potentiometric method).17,18 The working of EC sensors involves the pairing of a
chemically selective layer capable of recognizing the electrocatalyzed chemical reactions
with an electrochemical transducer, which converts the chemical changes into electrical sig-
nals.19 The basic setup for the electrochemical sensor can be schematically represented as
shown in Fig. 9.1.

2.2 Energy storage devices

The energy crisis and the need for alternate energy storage devices have always baffled the
scientific community for the past few decades. Supercapacitors have emerged as a promising
technology for energy storage since they can store energy by the conversion of electrical en-
ergy to chemical energy.20 Supercapacitors have the advantages of prolonged cycle life, good

FIGURE 9.1 Schematic representation of the basic set up of an electrochemical sensor
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power density, and a wider range of operation compared to conventional batteries and
dielectric capacitors.21 The main criterion that classifies supercapacitors is the energy storage
mechanism and based on this two categories are possible viz. the Electrical double layer ca-
pacitors (EDLCs) and pseudocapacitors. In EDLCs the charge storage is influenced by the
separation of charges at the boundary between the electrolyte and electrode whereas in
pseudo capacitors charge storage relies on rapid and Faradaic redox reactions (reversible)
happening in the bulk of the material or on the surface.22,23 Polyaniline belonging to the fam-
ily of pseudocapacitors is widely employed as electrode material for supercapacitors on ac-
count of its higher values of specific capacitance.24 However, deprived cycling stability
and poor rate capability of polyaniline during charge-discharge cycles impose the need for
developing functionalized composites of polyaniline with other EDLCs such as carbon nano-
tubes, graphene, and its derivatives and also with pseudocapacitive metal oxides, metal sul-
fides and metal nanoparticles.25e27 The classification of supercapacitors can be better
understood on the basis of the schematic representation as shown in Fig. 9.2.

3. Functionalized polyaniline nanocomposites for electrochemical sensing
applications

3.1 Polyaniline-based electrochemical sensors for biomolecules

Functionalized Polyaniline composites have widely received appreciation as a recognition
element in electrochemical sensors for detecting a wide variety of analytes spanning from bio-
molecules to environmental contaminants due to the simple methods of synthesis, redox chem-
ical properties, and ease of functionalization.28 A glucose sensor without employing enzymes
based on PANI-reduced graphene oxide (RGO) with silver nanoparticle functionalization
has been reported by Deshmukh et al. The PANI-Ag-RGO composite was prepared by electro-
chemical polymerization technique and exhibited remarkable sensitivity (2.7664 mA/mM/cm2),

FIGURE 9.2 Classification of supercapacitors
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broad detection range (50e0.1 mM), and lower response time. The mechanism underlying
glucose detection was also clearly explained and the incorporation of metal nanoparticles
and RGO in the PANi matrix has significantly increased the electron transfer and surface
area, which resulted in high sensitivity. The sensor’s practicability was also analyzed by real-
time detection of glucose levels in various commercially available organic fluids.29 In another
report, an enzyme-free glucose sensor was developed employing cobalt oxide (Co3O4) nano-
sheet webbed PANi by chemical oxidative polymerization. The composite was deposited on
a glassy carbon electrode and glucose sensing was done using cyclic voltammetry and amper-
ometric technique. The biosensor’s limit of detection ranged from 0.1 to 0.8 mM of glucose and
the lowest limit of detection (LOD) was found to be 0.06 mM with admirable sensitivity and
reproducibility were also assessed for real-time serum analysis of glucose.30 A glucose
biosensor was fabricated using a multistep simple process by initial deposition of PANi and
graphene oxide (GO) on platinum and subsequent deposition of copper nanoparticles followed
by oxidation to CuO nanoparticles resulting in Pt-PANI-rGO-CuO hybrid composite. The
sensor unveiled a sensitivity of 1252 mA/mM/cm2 with LOD 1.5 mM and excellent selectivity
in presence of intrusive species like uric acid, dopamine, and ascorbic acid.31 Polyaniline e
nickel oxide (NiO) composite-based amperometric sensor for sensing glucose in a nonenzy-
matic manner was also reported and the sensor demonstrated a sensitivity of (5625 mA/
mM/cm2), good stability, and was proved to be effective in real-time analysis of serum
samples.32

Polyaniline-based sensors for simultaneous detection tow biomolecules have also been re-
ported. A functionalized polyaniline thin film impregnated with glucose oxidase and urease
enzymes was developed and an enzyme-based field-effect transistor (FET) centered technol-
ogy was used for sensing glucose and urea. Potential data measurements indicated a sensi-
tivity of 14.7 � 0.9 mV/decade and a detection range of 10�5 to 10�1 mol/L (for urea) and
7.4 � 0.5 mV/decade with a detection range of 10�5 to 10�1 mol/L (for glucose).33 Another
group reported an enzyme-free biosensor based on hollow CuO and PANI nanofibre hybrid
for selective and sensitive detection of hydrogen peroxide and glucose using cyclic voltam-
metry. The sensor exhibited a wide range of detection (0.001e20 mM) with LOD (0.45 mM)
for glucose and (0.005e9.255 mM) with LOD (0.11 mM) for hydrogen peroxide.34

Detection of dopamine is crucial in the case of diseases like Parkinson’s disease, Alz-
heimer’s, and other neurological disorders. A highly selective nonenzymatic sensor for
detecting dopamine in presence of uric acid was developed using polyaniline nanofibre com-
posite functionalized using cobalt hydroxide. The developed sensor has a significant linear
detection range between 0.1 and 200 mM, LOD value (0.03 mM), and sensitivity of
790.7 mA/mM/cm2.35 A core-shell type composite with hollow tin oxide (SnO2) as core
and PANi as a shell with a uniform coating of nitrogen-doped graphene quantum dot
(NGQD) was deposited on GCE to fabricate the dopamine sensor. The sensing was done us-
ing differential pulse voltammetry (DPV) in the range of 0.5e200 mM and the sensor showed
excellent sensitivity even when interfering molecules like ascorbic acid and uric acid were
present.36

Other biomolecules, which are frequently detected using electrochemical methods of
sensing include uric acid, ascorbic acid, creatinine, and hydrogen peroxide. The detection
of uric acid employing a-Fe2O3- PANI nanotube composite by DPV technique afforded the
following results. The fabricated sensor unveiled excellent selectivity and sensitivity
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(0.433 mAmM�1) along with interfering species (ascorbic acid, citric acid, and succinic acid) in
the detection range 0.01e5 mM with a LOD of 0.038 mM. The composite was also used in the
real-time analysis of urine samples and the recovery was found to be greater than 98% for all
the samples proposing its practical applicability.37 Ascorbic acid detection employing a
ternary composite of PANI- Cu (II) phthalocyanine and graphene was reported by S.Paka-
pongpan et al. The composite was prepared by electrolytic exfoliation of graphite in presence
of the copper phthalocyanine and then rapid mixing polymerization with aniline resulted in
the hybrid PANI/Gr/CuPc composite. The composite was drop cast on a screen-printed elec-
trode and sensing was performed using the amperometric technique. The sensing was also
done for real samples by determining the concentration of ascorbic acid in commercial
vitamin tablets with a recovery of 99%e116% for the three vitamin samples. The incorpora-
tion of metal phthalocyanine enhanced the electron transfer in PANi and graphene thereby
displaying excellent sensitivity, wide range detection limits, and selectivity.38 Creatinine is
another biomolecule whose concentration in blood samples requires analysis for monitoring
kidney and thyroid malfunctions. An amperometric method was used in the highly sensitive
detection of creatinine with the aid of creatinine deaminase enzyme immobilized PANi nano-
structure functionalized with Nafion. The sensing was based on measuring the ammonium
ion doping level in PANi produced by electrocatalysis of creatinine by the immobilized
enzyme. The sensitivity of the sensor increased drastically to 1300 mA/mM cm�2) after the
immobilization of enzyme on Nafion modified PANI.39

Detection of hydrogen peroxide produced as a result of enzyme-catalyzed reactions of
other biomolecules such as cholesterol, glucose, lactates, and glutamates is essential in
many pharmaceutical and clinical applications. A ternary composite system in which reduced
graphene oxide (RGO) was initially functionalized with PANi to activate the hydrophilic
amino groups to enhance composite formation with silver nanoparticles was utilized in
sensing hydrogen peroxide. The PANi-RGO-AgNP composite was then loaded on GCE for
making an amperometric sensor. The sensor showed an appreciable detection range of
0.01e1000 mM and LOD of 50 nm. The sensing was based on the electronic interaction be-
tween PANI and silver nanoparticles enhanced by the presence of RGO, which increased
the electrochemical reduction of hydrogen peroxide.40

3.2 Polyaniline-based electrochemical sensors for environmental pollutants

Water pollution has created serious health issues in humans such as brain and lung disor-
ders, cancer, and so on and higher concentration are even lethal. In addition, the discharge of
pollutants into water bodies has harmful effects on the water ecosystem. The detection of envi-
ronmental contaminants has become increasingly important and critical to developing inexpen-
sive and robust sensors with remarkable sensitivity and a wide range of detection.
Electrochemical methods of sensing have been proven to be a proficient substitute compared
to conventional detection methods owing to their outstanding sensitivity, selectivity, simple
operation, and rapid response time. Among the various types of electrochemical sensors,
polyaniline-based sensors have emerged as a promising platform for sensing environmental
pollutants.41

Phenolic compounds like 2-nitrophenol, 2-amino phenol, 4-nitro phenol, etc. released from
numerous industries can be considered persistent aromatic pollutants, which can cause high
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risks of toxicity due to their mutagenic or carcinogenic nature at concentrations above the
permissible limits. Functionalized composites of polyaniline egraphene and cerium tungstate
for sensing 2-nitrophenol were prepared by chemically grafting polyaniline on the surface of
graphene oxide by chemical oxidative polymerization followed by reducing of graphene ox-
ide to graphene and coupling it with cerium tungstate. The hybrid ternary composite was
fabricated to form the sensor by coating it on a glassy carbon electrode. The composite sensor
exhibited excellent sensitivity (1.229 mA/mM/cm2), quicker response, and detection range
from 1.0 nM to 1 mM demonstrating its potential as an electrochemical sensor for screening
phenolic compounds.42 The capability of silver nanowire (AgNW) epolyaniline composite
system for selectively and sensitively detecting 4-nitrophenol was evaluated by differential
pulse voltammetric method. The sensor’s stability was tested by keeping the modified elec-
trode for 20 days and monitoring the current response to 0.01 mM of 4-nitrophenol every
5 days; the sensor retained 87% of the response after the test period. The analysis was also
extended to real water samples collected from four different water resources and the recov-
eries were excellent in the range of 97%e101%.43 The fabrication of an electrochemical sensor
for 4-amino phenol was done employing a polyaniline-graphene-MWCNT composite and the
sensing was done by a reliable IeV electrochemical method. The method of sensing 4-amino
phenol by the IeV technique has shown to be a prospective method for sensing phenolic
compounds with high levels of selectivity, sensitivity, and lower response time compared
to other electrochemical methods.44

A biosensor based on polyphenol oxidase (enzyme) entrapped into the hybrid assembly of
polyaniline-polyacrylonitrile (pan) and graphene obtained by phase inversion was evaluated
for screening phenolic pollutants by using p-cresol as a model pollutant. The amperometric
responses of the sensor showed a sensitivity of (6.46 mA/mM/cm2) in the range of 2 � 10�6 to
1.16 � 10�5 M and good antiinterference stability in the presence of 10 inorganic interfering
ions as well as organic molecules such as glucose, aniline, and ascorbic acid. The real-time
analysis of p-cresol envisages the utility of hybrid biosensor for developing marketable sen-
sors for phenolic compound determination.45

The admirable sensitivity of PANi combined with the enhanced surface area of macropo-
rous silicon was utilized in developing a functionalized PANi composite for sensing naphtha-
lene, a potential chemical causing damage to tissues and nerves, and also has been reported
to be carcinogenic. For developing the chemosensor, the composite was immersed in 1M po-
tassium chloride solution in ethanol and the changes in impedance with the addition of parts
per billion (ppb) amounts of naphthalene were monitored to quantify the amount of naphtha-
lene. The chemosensor so developed was able to sense the low concentration of naphthalene
in the order of 30 ppb.46 Detection of hydrazine is crucial since in lower concentrations it is
neurotoxic and high concentrations are reported to be carcinogenic. An amperometric sensor
based on polyaniline, copper nanoparticles and graphene oxide was fabricated by drop cast-
ing the composite (CuNPs-PANi-GO) on a glassy carbon electrode (GCE). The sensing capa-
bility was initially evaluated by cyclic voltammetric technique for optimizing the pH of the
solution to 7.0 since at pH above 7.0 hydrazine exists as a neutral molecule and below 7.0
in the protonated form. The selectivity of the fabricator was studied by choosing both inor-
ganic and organic interfering species (500-fold excess) and the results indicate that the sensor
is highly selective toward hydrazine even with the addition of higher levels of the species
interfering with hydrazine. The sensitivity (359.93 mA/mM/cm2) and lower LOD value
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(0.0045 mM) with appreciable stability and reproducibility validates the use of the sensor for
real-time monitoring of toxic hydrazine in environmental samples.47

Residues of insecticides and pesticides in freshly consumed fruits, vegetables, soil, and wa-
ter resources cause several types of diseases in human beings as well as other living beings.
Polyaniline-based sensors have received extensive attention as electrochemical sensors on ac-
count of their large surface area and presence of amino groups, which can interact with the
analyte thereby improving the sensitivity and selectivity. A highly functionalized composite
was fabricated by click chemistry using manganese phthalocyanine (terminal alkyl
substituted) and 4-azido polyaniline on indium-coated glass as working electrodes for selec-
tively detecting pesticides. The sensor was employed for the detection of fenitrothion, eserine,
and diazinon by square wave voltammetric technique. The sensor demonstrated a highly se-
lective and stable response to the three variants of pesticides and it has shown greater sensi-
tivity of 4.67 A/M/cm2 in the case of fenitrothion making it ideal for developing fenitrothion
sensors for viable applications.48 In another study, a sensor was developed for detecting Imi-
dacloprid, an insecticide utilizing a quaternary composite of polyaniline, ionic liquid (IL), gra-
phene quantum dots (GQD), and multiwalled carbon nanotubes (MWCNT). The working
electrode was fabricated using a GCE on which a 5 mL solution (with varying amounts of
GQD (5.0 mg), MWCNT (5.0 mg), and IL (10 mg) dispersed in 15 mL water) was drop cast
initially and then polyaniline film was grown using electropolymerization process. The elec-
trode exhibited a linear range of detection from 0.03 to 12mmol/L with a LOD as low as
9 nmol/L and was also evaluated for selectivity by sensing in presence of seven variants
of pesticides. The sensor was also shown to be feasible in sensing real samples of apple, to-
mato, and cucumber with good levels of recovery.49

4. Functionalized polyaniline nanocomposites for energy storage applications

4.1 Polyanilinedgraphene composites for supercapacitor applications

Graphene, a two-dimensional one-atom dense monolayer of carbon atoms with a honey-
comb lattice structure and its derivative graphene oxide have widely received acceptance in
the construction and development of electrode materials for supercapacitor applications.50

The distinctive properties of graphene such as massive surface area (2630 m2/g), good elec-
trical conductivity (107 Sm�1), improved mechanical strength, and flexibility have been exten-
sively employed for devising electrode materials for energy storage. However, the
accumulation of neighboring sheets as a result of noncovalent interaction (p-p interaction)
leads to the reduced surface area, conductivity, and specific capacitance.51 The derivative
of graphene viz. graphene oxide (GO) has a layered sheet-like structure with hydroxyl and
epoxy functional groups at the plane and edge basal positions. The presence of oxygen func-
tional groups in GO hinders the agglomeration of individual sheets as well as improves the
hydrophilic nature of GO thus enhancing its dispersion in water and other solvents.52 Several
strategies have been adopted by researchers in overcoming the undesirable aspects of gra-
phene and augment its electrochemical activity. The most effective approach to improvise
the properties of both graphene and PANi for practical applications is to develop
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functionalized composites by utilizing the better properties of both counterparts resulting in
hybrid composites with synergistic qualities vital for electrochemical applications.

A self-assembly approach employing GO solution as a surfactant was used in fabricating
PANidGO composite, which resulted in the formation of a porous threeedimensional
framework of GO with a molecular level uniform coating of PANi. The porous structure
enabled the diffusion of electrolytes and also helped in the mobility of electrons in the
network of composite material causing elevated values of specific capacitance (824 F/g at
2.22 A/g current density) and excellent capacitance retention.53 In another report, reduced
graphene oxide (three edimensional) was grafted on dendritic structures of PANi resulting
in the formation of PANI-RGO composite aerogels endowed with high values of specific
capacitance (1600 F/g at 12 A/g current density), energy (545 Wh/kg) and power densities
(1538 W/kg).54 A low-cost electrode material with higher specific capacitance (763 F/g) ideal
for energy storage applications was fabricated by using light-weight (0.2 g/cm3) PANi-
graphene paper composite with high flexibility and conductivity. PANi nanorods were
deposited on flexible graphene paper using the electrodeposition technique to form the
free-standing electrode material relevant and highly beneficial for handy electronic devices.55

Zhou et al. reported the synthesis of PANidGO composites by in-situ polymerization of an-
iline on stacked GO sheets resulting in the formation of PANi nanofibres confined inside the
GO network with improved pathways for ion and electron transport. The material exhibited
a specific capacitance value (780 F/g at a current density of 0.5 A/g) with 91% cycling stabil-
ity at higher current densities.56

Conductive polymer hydrogels (CPHs) are another option in developing flexible superca-
pacitors with good attributes such as higher values of specific capacitance, prolonged cycle
stability, better power, and energy density. A conducting polymer gel based on PANi, GO
and sodium alginate was prepared by in-situ polymerization method and then coated on a
hydrophilic carbon cloth to produce the flexible electrode material. The solid-state capacitor
was then assembled by packing two CPH electrodes with a polyester mesh filled with elec-
trolyte as a separator. The as-prepared capacitor exhibited a specific capacitance of 780 F/g at
0.5mA/g current density and with significant electrochemical stability (88.2% of initial capac-
itance after 1000 cycles).57 In another study, graphene hydrogels with a density of 0.01 g/cm3

were synthesized by hydrothermal process and were then used in the preparation PANId
graphene hydrogel composite films. The direct polymerization of PANi on graphene hydro-
gels resulted in enhancing the electrochemical stability with 99% specific capacitance
(323.9 F/g) retention after 1000 cycles.22

Functionalization of PANi was done by sulfonation using m-amino benzene sulfonic acid
to improve the electrochemical properties and then a composite was synthesised with gra-
phene oxide. The sulfhonic acid groups performed the function of dopant and a surfactant
as well as it helped in preventing the agglomeration of graphene sheets. A three-electrode
setup as well as an asymmetric supercapacitor (ASC) has been fabricated to test the efficiency
of SPANi-GO composites. The 3-electrode setup delivered a specific capacitance of 1107 F/g
at 1 A/g current density and the ASC constructed with SPANi-GO as anode and RGO as
cathode displayed excellent values for power density (14,764 W/kg), energy density
(31.4 Wh/kg) and outstanding cycling stability (94% retention after 5000 cycles) signifying
its efficacy for high power consuming energy storage devices.58
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Yan Liu et al. exploited the oxygenated groups in the basal positions of GO to form com-
posites with PANi by first converting the epoxide groups in the basal plane to hydroxyl
groups and then transforming them to carboxyl groups by an esterification reaction with
oxalic acid. The heavily carboxylated sheets of GO can then form stable structures with
PANi as a result of the affinity between the carboxyl groups of GO and amine nitrogen of
PANi. The method validated an effective strategy for carboxyl functionalization of GO sheets
and the composite exhibited remarkable capacitance.59

4.2 Polyanilinedcarbon nanotube composites for supercapacitor applications

The framing of flexible and wearable supercapacitors entails the development of electrode
materials that are mechanically stable and possess a large surface area and high values of con-
ductivity. Polyaniline when used alone as an electrode material possesses the disadvantages
such as restricted cycling stability, limited available surface area, and low electrical conduc-
tivity. The limitations of PANi can be amended to a greater extent by combining it with car-
bon materials. Among the carbon materials, carbon nanotubes have been a predominant
alternative principally due to their peculiar properties like improved surface area, note-
worthy mechanical stability, and electrical conductivity. Moreover, the incorporation of
even lesser amounts of carbon nanotubes in the polyaniline matrix can significantly improve
the mechanical stability of the polymer as well as it can also provide an interconnected three-
dimensional structure, which facilitates electron transport within the composite.

A biomimetic template derived from polydimethylsiloxane (PDMS) cross-linked with Xan-
thosoma sagittifolium leaves was fabricated for the synthesis of PANi-carbon nanotube com-
posites by Chang et al. for supercapacitor applications.60 The composite exhibited enhanced
capacitive behavior with retention of capacitance even at higher current densities. The leaf-
scale morphology of the composites helped in improving the surface area and roughness
thereby increasing the transport of ions and electrons leading to improved electronic conduc-
tivity and better electrochemical activity meeting the requirements for supercapacitor appli-
cations. In another study,61 vertically aligned nitrogen doped carbon nanotube (NCNT)
arrays possessing three-dimensional porous architecture were employed as a scaffold for
the synthesis of PANieNCNT composites by electrodeposition. The composite’s practical
feasibility as a supercapacitor was evaluated using cyclic voltammetry (CV), galvanostatic
charge-discharge studies (GCD) electrochemical impedance spectroscopy (EIS), and also by
constructing a symmetric capacitor with the PANi-NCNT composite as both anode and cath-
ode using polyvinyl alcohol (PVA)/H2SO4 hydrogel as electrolyte and separator. The fabri-
cated supercapacitor displayed appreciable specific capacitance (128 F/g at 2.47 A/g
current density) and preserved 92% of initial capacitance at 24.7 A/g current density
following up to 10,000 cycles.

In a recent report, Hyaluronic acid (HA) was utilized as a surfactant and binder for better
dispersion of single-walled carbon nanotubes (SWCNT) by a wet-spinning process for the
fabrication of a ternary core-shell composite with carbon nanotube assimilated HA as the
core and PANi as the shell by electrodeposition. The core part consisting of CNT incorporated
HA acted as a scaffold or template for efficient deposition of PANi thereby increasing the sur-
face area and porosity of the composite. The composite electrode exhibited excellent stability
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under bending and twisting with over 90% of preservation of initial capacitance after 3000
cycles validating the composite material’s flexibility as ideal for wearable electronic
equipment.62

In another study,63 PANieCNT core-shell hybrid composites grown by layer-by-layer
deposition on a carbon cloth and tested for supercapacitor application in the presence of a
redox-active electrolyte (1 M H2SO4 with PVA/Fe2þ/Fe3þgel electrolyte). The specific capac-
itance value was enhanced from 1005 F/g to 1547 F/g at 2 A/g current density in the pres-
ence of the redox additive in 1M H2SO4. The symmetric supercapacitor employing three
electrodes (PANieCNT) connected in series was used to light an LED (1.8V, 20 mA) indi-
cating it’s perspective as a power source. Additionally, the fabricated flexible symmetric
supercapacitor was able to deliver power and energy density values of 700 W/kg and
22.9 Wh/kg respectively.

Lia Hou et al.64 detailed the fabrication of PANieCNT composites using functionalized
carbon nanotubes, two types of functionalization were performed to create carboxylated car-
bon nanotubes; acid treating and the other by chemical vapor deposition (CVD). The results
indicate that the incorporation of highly carboxylated CNTs obtained by acid treating
enhanced the electrochemical performance of the composite as well as the cycle life with
excellent retention (88.2%) of capacitance even after 10,000 cycles of galvanostatic charge-
discharge.

The cycling stability, as well as the rate capability of polyaniline, was shown to be boosted
by covalently implanting PANi on the surface of CNTs and by generating an interpenetrated
porous architecture using calcium carbonate as a template. The porous composite demon-
strated a higher specific capacitance of 1266 F/g at 1 A/g with a rate performance of 83%
retention after 10,000 cycles and a lower charge transfer resistance.65

In an attempt to investigate the methods for improving the cycling stability of PANi-based
electrodes, Taina Rauhavala et al.66 used two different approaches viz. heating under vacuum
and incorporation of acid-treated carbon nanotubes in the polymer matrix. The results of the
study give a clear picture of the changes in the morphology and oxidation states of PANi dur-
ing cyclic charge-discharge studies. The incorporation of acid-treated carbon nanotubes
significantly enhances the specific capacitance value as well as the mechanical stability while
heat-treated electrodes cannot retain capacitance for a prolonged time. The investigation
clearly gives a detailed systematic insight into the changes occurring during the electrode’s
interaction with electrolyte and demonstrates a scheduled aging stability study well-suited
for real-time applications.

Another study reported the scope of engineering the interface between the electrode and
collector to facilitate quicker electron transport as an operational methodology to upgrade the
electrochemical characteristics of supercapacitors. The PANi-CNT composites were codepos-
ited on expanded graphite (ExGP) by electrodeposition process and the electrochemical
studies revealed that the composite showed a specific capacitance value of 826.7 F/g with
substantial energy and power densities. The expanded graphite helped in creating an inter-
face with ample contact points between the electrode and collector resulting in better values
of specific capacitance. The symmetric supercapacitor developed using PANi-CNT-ExGP was
found to be flexible for use in portable and wearable equipment.67
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4.3 Polyanilinedmetal organic framework (MOF) composites for
supercapacitor applications

Metal organic frameworks (MOFs) may be defined as a type of inorganicdorganic hybrid
materials in which the inorganic part comprises mostly transition metal centers and the
organic part is made up of electron-donating ligands such as 2-methyl imidazole,1,4 benzene
dicarboxylic acid 2,20- bipyridyl and so on.68 The most striking features of MOFs include
highly manageable surface area, tunable pore sizes with highly ordered crystalline structures
with excellent stability, and the ability to accommodate guest molecules in their large pore
volumes. However, many of the reported MOFs are insulators as a single-phase material.
Studies on the use of MOFs as a sole entity or in combination with other conductive materials
such as conducting polymers, metal oxides, and metal sulfides for supercapacitor applica-
tions have experienced fabulous progress in the past 5e6 years. The surface area and the or-
dered porous structure with mesopores enabling ion and electron diffusion are the main
features of MOFs exploited to develop supercapacitor electrodes.69

In an attempt to exploit the porosity of MOFs, a PANIeCu (II) MOF was synthesized by a
two-step process involving the chemical oxidative polymerization of polyaniline as the first
step and the second step consisting of the synthesis of Cu (II)eMOF in presence of the
PANI prepared in the initial step. The composite was able to retain the initial value of specific
capacitance (734 F/g) up to 98% even after 4000 cycles. It can be concluded from the study
that the association of Cu (II) MOF and PANI resulted in an increase in both specific capac-
itance and cycle life of both components significantly.70 A ternary composite based on zinc
oxide Co-MOF and PANI on carbon cloth was fabricated as electrode material for supercapa-
citor applications by Chunmei Zhu et al. The synthesis adopted for preparing the core-shell
composite on carbon cloth consists of electrodeposition followed by a hydrothermal process.
The highly ordered core-shell morphology of the composite with the MOF support retarded
the volume changes of PANI thereby improving the cycling stability (82.5% after 5000 cy-
cles).71 In another report, carbon nanotube, Zeolitic imidazole framework (ZIF-67), and
PANI composites (PANi-CNT-ZIF-67-CC) were deposited on carbon cloth (CC) as a substrate
for developing a flexible electrode material. The material so developed exhibited a higher
value of specific capacitance (3511 mF/cm2 at 10 mVs�1) on account of its enhanced surface
area, porous structure, and pooled pseudo capacitance of PANI and ZIF-67.72

Supercapacitor electrode materials based on impregnating electroactive materials on tex-
tiles have gained popularity owing to their flexible and lightweight properties along with
their porosity and mechanical durability. A three-dimensional (3-D) quaternary composite
was assembled using PANI, ZnO, Zeolitic imidazole framework-ZIF-8 and two-
dimensional graphene sheets on polyester material. The significant improvement in electrical
conductivity of ZIF-8 by the porous network of conductive materials such as PANI, ZnO, and
graphene as well as the synergic effect of pseudocapacitive materials (PANI, ZnO, and ZIF-8)
and EDLC capacitance associated with graphene-enhanced the electrochemical activity of the
composite leading to an areal capacitance of 1.378 F/cm2. The supercapacitor device deliv-
ered an energy density of 235 mW H/cm3 and power density of 1542 mW/cm3 and was eval-
uated for potential practical applications by employing it to light LED and for powering
calculators.73 Interlacing of molecular organic frameworks with polyaniline was done by elec-
trochemically depositing PANI on MOF crystals on carbon cloth for fabricating textile
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electrode materials. The as-prepared composite disclosed an exceptional areal capacitance
value of 2146 mF cm�2 and was able to perform without any decline in capacitance under
twisting and bending revealing its practical applications as a flexible and handy solid-state
energy storage device.74

4.4 Polyanilinedtransition metal oxide composites for supercapacitor
applications

The research on electrode materials based on polyaniline and transition metal oxides has
made numerous contributions to the development of versatile energy storage devices pos-
sessing higher values of capacitance, energy, and power densities. The promising advantage
of incorporating transition metal oxides in polyaniline matrix is the redox chemistry of the
transition metals with variable oxidation states leading to higher values of capacitance and
energy densities. The most frequently employed transition metal oxides representing each
group in the transition metal series for developing hybrid composites for supercapacitor ap-
plications are discussed in the forthcoming section.

Among the metals of the fourth group Titanium oxide (TiO2) and Zirconium oxide (ZrO2)
have been reported in combination with PANi for developing electrode materials. The elec-
trochemical studies of mesoporous TiO2 incorporated PANi matrix showed that the interca-
lation of TiO2 resulted in a higher surface area and faster diffusion of ions due to the
mesoporous nature of TiO2. The obtained results indicate that the developed composite
with a specific capacitance of 935 F/g possessing remarkable cycling stability and improved
energy and power characteristics is a perfect aspirant for practical applications.75 A ternary
composite of ZrO2 anchored graphene-highly oriented PANI was proposed as a novel mate-
rial with good electrochemical characteristics. The enhancement in the capacitance arises as a
result of the harmonizing effect of the three components; ZrO2 helped in preventing the
collapsing of PANI and aggregation of graphene sheets and the transport of electrons as
well as ion-diffusion supported by enhanced conductivity of PANI. The attained values of
specific capacitance (1178.6 F/g at 0.3 A/g current density), high power (0.8 kW/kg) and en-
ergy (104.76 Wh/kg) densities with better retention of capacitance (93. 2%, 1000 cycles) can be
considered as a low-cost synthetic strategy for developing functional designs with better elec-
trochemical traits in the field of energy storage devices.76

Vanadium pentoxide (V2O5) has gained a lot of consideration among transition metal
oxides in developing supercapacitor electrodes due to its ability to achieve higher values
of specific capacitance and the layered structure, which supports ion diffusion. A flexible,
textile-based electrode was assembled by the codepositing of PANi and V2O5 on carbon cloth
(CC) adopting the electrodeposition technique. The working electrode made up of the com-
posite exhibited a specific capacitance of 443 F/g (at 0.5mA/cm2 current density) and the
symmetric supercapacitor device developed using PANI- V2O5 composite was able to deliver
maximum energy (69.2 Wh/kg) and power density (0.72 kW/kg) with excellent retention of
capacitance (92%) after 5000 cycles.77 The effect of the generation of oxygen vacancies in V2O5
to modify its electrochemical properties was investigated by making composites with three
different conducting polymers such as PANI, Polypyrrole (Ppy), and Poly (3,4dethylene
dioxy thiophene) PEDOT. Among the three composites, the PANI- V2O5 composite exhibited
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a specific capacitance of 523 F/g and better restoring of initial capacitance (100% after 15,000
cycles) compared to Ppy (437 F/g) and PEDOT (614 F/g).78

Among the metals belonging to the chromium group, Molybdenum oxide (MoO3) and
tungsten oxide (WO3) have also been experimented in developing composites with PANi
for energy storage applications. A supercapacitor electrode with a wider potential window
of operation (1.4 V) was fabricated using self-doped polyaniline (SPAN) and MoO3 by elec-
trodeposition. The composite exhibited better electro activity as a result of the coalescence of
the organicdinorganic components with the highest value of specific capacitance (570 F/g),
energy density (35 Wh/kg), and power density (4.7 kW/kg) respectively.79 In another study,-
PANi-PPy-MoO3 composites bio-inspired from the structure of Setaria virdis were assembled
by a two-step process in which the core-shell Ppy-MoO3 part was synthesized by oxidative
polymerization of aniline on MoO3 belts followed by polymerization of aniline in the core-
shell structure. The composite exhibited a structure greatly resembling the plant in which
MoO3 served as the stalk part surrounded by PANi nanowire arrays in the form of bristles
and Ppy as a grain linking PANI and MoO3. The composite with magnificent composition
and structure helped in improving the specific capacitance (1315 F/g at 0.5 A/g), energy den-
sity (63 Wh/kg), and cycling stability (86% after 20,000 cycles.80 In a very recent report, an
asymmetric roll-type fiber supercapacitor device (FSC) was made-up using PANI (anode)
and MoO3 as the cathode on a carbon fiber (CF) substrate and PVA/1M H2SO4 as electrolyte.
The asymmetric fiber supercapacitor configuration exhibited a higher energy density
(67.51 mWh/cm3) than the symmetrical SC using PANI nanofibre electrode (25.12 mWh/
cm3) having roll type orientation.81

Manganese oxide (both MnO2 and Mn3O4) has been reported in combination with con-
ducting polymers to mend the drawbacks of using them alone. Polyaniline eMnO2 compos-
ites with enormous specific surface area (480 m2/g) obtained by single-step chemical
oxidative polymerization of aniline in presence of potassium permanganate showed a specific
capacitance of 497 F/g with 88.2% restoration of initial capacitance even up to 5000 cycles.82

A composite hydrogel based on PANI with embedded MnO2 having a three-dimensional
porous structure has shown an appreciable specific capacitance with good cycling stability
(81% after 1000 cycles).83 In another approach, a ternary composite that can exhibit a specific
capacitance of 1240 F/g at 2 A/g current density was constructed by using PANI eMn3O4
and graphene. The enhancement in capacitance arises as a result of the collective effect of
the pseudo capacitance of PANI and Mn3O4 along with surplus surface area and the layered
structure of graphene.84

Ruthenium oxide (RuO2) and Iridium oxide (IrO2) are widely employed in electrochemical
applications due to their outstanding specific capacitance, steady chemical reversibility, and
rate capability. However, their highly expensive nature and complex multistep synthetic pro-
cesses impede their practical applications. Iron oxide is the sole member commonly engaged
in developing composites with conducting polymers. An economical method for synthesizing
PANi- RuO2 composite by sequential adsorption of ionic layer andand reaction process
(SILAR) was demonstrated by Deshmukh et al. The obtained composite demonstrated
664 F/g (specific capacitance) with 89% of capacitance remaining after 5000 cycles. Though
the composite showed the decreased value of specific capacitance, its cycling stability was
significantly improved.85 An asymmetric supercapacitor devised with a composite of pyro-
lyzed polyaniline tubes (PPNT) and Fe2O3 as negative electrodes and ZneCo sulfide
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decorated hydrothermally derived carbon spheres as positive electrode revealed higher en-
ergy density of 85.12 Wh/kg at a power density of 460 W/kg and also with favorable cycling
stability making them effective for high performance supercapacitors.86

Hybrid composites possessing hierarchical nanostructure obtained by integrating Co3O4
with PANi were used as supercapacitor electrode material and the results disclosed that
the PNI nanoshrubs over Co3O4 meet the features such as specific capacitance (1151 F/g), po-
wer and energy density crucial for a supercapacitor for developing high performing
supercapacitors.87

A ternary composite of PANI-NiCo2O4-and reduced graphene oxide with an outstanding
value of specific capacitance (1235 F/g) was employed as the cathode in an asymmetric
supercapacitor (ASC) device to test its practical viability. The assembled ASC with activated
carbon as electrode showed commendable cycle life and specific capacitance.88 In another
report, a PANi-NiCo2O4 binary composite prepared by hydrothermal process on nickel sub-
strate has shown a maximum of 3108 F/g specific capacitance with 96% cycling stability. The
composite’s practical application was tested by fabricating an asymmetric supercapacitor
with activated carbon and the energy density (77.6 Wh/kg) delivered by the ASC at a higher
power density of 800 w/kg.89

Binary metal oxide-based conducting polymers have also been identified as potential nom-
inees for electrochemical applications. Binary metal oxides based on vanadates having the
general formula M3V2O8 (M ¼ Co. Ni, Li, Na, Fe, etc.) have been used by Liu et al. for devel-
oping flexible as well as transparent symmetric SC devices. The synthesis strategy adopted
for obtaining Ni3V2O8ePANI hybrid was a chemical bath deposition process. The Ni3V2O8e
PANI demonstrated remarkable electrochemical performance with the values of specific
capacitance and areal capacitance being 2565.7 F/g at 5mV/s and 58.5 mF/cm2. The device
also has excellent cycle life with 88% restoration of areal capacitance following 20,000 charge-
discharge cycles.90

Nickel oxide is another transition metal oxide frequently employed in forming compos-
ites with polyaniline for supercapacitor applications. In two different studies, Polyanilined
nickel oxide binary composites were synthesized, and evaluated for supercapacitor elec-
trode material fabrication. Both the groups’ synthesized PANi-NiO nanosheets as electrode
materials, one group achieved a specific capacitance of 514 F/g while the other group ob-
tained a maximum value of 936.63 F/g respectively.91,92 A ternary composite of PANI-
NiO and graphene was synthesized via a two-step process involving a hydrothermal
method (for the formation of NiO layer on graphene) and an in-situ oxidative polymeriza-
tion (for obtaining a PANI coating on the NiO-graphene surface) was employed as electrode
material for developing flexible supercapacitors. The flexible thin film electrode so devel-
oped exhibited an enhanced specific capacitance of 1409 F/g with 92% cycling stability
up to 2500 cycles.93

Copper oxides are also reported in combination with polyaniline for energy storage
applications.94e96 A ternary composite system encompassing PANI, RGO, and copper oxide
was assessed for supercapacitor applications and the results obtained clearly envisage
improved specific capacitance of 684.93 F/g and 84% cycling stability after 5000 cycles.
The composite was also demonstrated to be effective as a secondary backup source of
power.97
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5. Conclusion

Polyaniline has been acknowledged as the most suitable conducting polymer with appro-
priate properties employable for electrochemical applications. In this chapter, we have
mainly focused on the development of functionalized Polyaniline composites suitable for
next-generation energy storage devices (mainly supercapacitors) and as sensitive platforms
for environmental monitoring as well as biomedical applications. The significant develop-
ments in the field of electrochemical sensing employing polyaniline composites have been
highlighted in the initial section of the chapter. The various functionalization strategies aim-
ing at improving the electrochemical performance of polyaniline using carbon nanomaterials,
molecular organic frameworks, and transition metal oxides are discussed in detail in this
chapter. The research works published so far on polyaniline composites have recommended
that the cautious selection of nanomaterials combined with modifying the synthesis proced-
ures can pave a novel way for materializing highly electroactive, low-cost PANi based com-
posites suitable for energy storage and conversion devices as well as other electrochemical
applications.
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1. Need of fine tuning of elastomers

Elastomers are typically characterized by excellent chain flexibility, mobility, and large
deformation.1,2 They can be stretched to several times than their unstretched length, and
the original dimensions can be almost regained when the deforming stress is released. Elas-
tomers possess a viscoelastic nature and weak intermolecular forces.3,4 They are usually used
in cross-linked forms. Upon crosslinking, the segmental mobility gets restricted to a signifi-
cant extent.5 Nano particles are often introduced into elastomer matrices in order to improve
the mechanical properties, viz., modulus, tensile and tear strength, compression properties,
and abrasion resistance. The effectiveness of the reinforcement depends on the filler charac-
teristics and also on the strength of the polymer-filler interactions.6e8

Four types of arrangements of nanoparticles in a polymer matrix have been reported by
Kickelbick et al., viz; (1) inorganic nanoparticles embedded in inorganic polymers, (2) nano-
particles bonded onto polymer backbone, (3) interpenetrating network with chemical bonds,
and (4) inorganic-organic hybrid polymer as shown in Fig. 10.1.9

The degree of reinforcement increases with a decrease in particle size which obviously pro-
vides higher polymer-filler interfaces. Reinforcing fillers usually have a particle size in the
range of 10e100 nm.10

Biocompatible nano-composites are now receiving substantial consideration as novel ma-
terials for biomedical applications. Rubbers viz; polyurethanes, silicone rubbers and polypep-
tide elastomers are extensively being employed as biomaterials because of the easiness in
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their synthesis, bio-durability and biocompatibility.11e13 However, these elastomers
frequently flop to cross the physical and mechanical requirements for suitable applications,
when they are used alone. Nano reinforcements dispersed within the elastomeric matrix
have shown to improve the basic properties of the matrices making them suitable for
different applications. Fig. 10.2 represents an overall view of different elastomers and the
types of nanoparticles being used for reinforcement for biomedical applications.

Mechanical and barrier property improvements of elastomeric poly-caprolactone (PCL)
matrix have been achieved by the incorporation of organically modified silicate nanopar-
ticles.14 It has been reported that the modulus and ultimate strength increase with an increase
in nano-silicate loading, whereas the elongation at break and permeability significantly
decrease. Kim et al. explored the biodegradation and biocompatibility of PCL elastomers
for bone regeneration.15 Oleic acid modified PCL nano-composites were developed and the
morphological, mechanical and cellular response studies were performed by them. The re-
sults indicate that the modified systems exhibit excellent mechanical properties and
improved cellular interactions than the conventional composites and virgin PCL. The organic
modifier oleic acid was supposed to increase the osteoblastic responses. Biocompatibility as-
sessments were performed using umbilical vein endothelial cells. The HA/PCL system has
been found to enhance the growth of endothelial cells and primary osteoblast. Also, the
cell cultures and osteoblast were observed to be dependent on PCL loading and contact time.

Excellent physico-mechanical characteristics viz; toughness, fatigue resistance, durability
and chemical versatility make thermoplastic polyurethanes (PU) suitable for many applica-
tions.16 The PUs have a segmented copolymer chemistry derived from a mixture of a diiso-
cyanate, a macro-diol and a chain extender. PU based nano-composites have been used for
infection control, controlled drug delivery etc.17,18 Bioactive montmorillonite (MMT) nano-
particles have been reported to provide biological characteristics to a PU matrix.19 It has
been concluded from literature that the organic fillers having suitable structures may be
used to modify the biological responses of PU-based systems. Antibacterial properties can
be imparted to PU matrix upon nanofiller loading. Hung et al. reported the improvement
in biocompatibility and cell proliferation of PU matrix upon incorporating silver

FIGURE 10.1 Different ways of arrangement of nanoparticles in a matrix (1) inorganic nanoparticles embedded
in inorganic polymers, (2) nanoparticles bonded onto polymer backbone, (3) interpenetrating network with chemical
bonds and (4) inorganic-organic hybrid polymer [Ref. 9].
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nanoparticles.20 Williams et al. investigated the potential of integrating multiwalled carbon
nanotubes (CNT) with PU for electrical interfacing with neural tissues.21

Poly (trimethylene carbonate) (PTMC) elastomers have been used as long term degradable
devices for soft tissue engineering as they are both biocompatible and mechanically resil-
ient.22 They have been used as surgical sutures, controlled drug delivery vehicles, bone
cement and tissue engineering scaffolds.23 Ribeiro et al. reported the utilization of PTMC rein-
forced with HA and multiwalled CNT (MWCNT) for joint repair.24 The features of HA were
carefully tapped to inspire osteo-conduction while the MWCNT was used as a reinforcing
agent. The results suggested that the friction coefficient and surface behavior of PTMC rein-
forced systems were near to those of the cartilage. The mechanical properties’ improvement

FIGURE 10.2 Biomedical applications of polymer nano-composites.
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in poly (diol citrates) (POC) has been achieved upon incorporating a nanofibrous PLLA nano-
phase into POC matrix.25 The results showed an enhancement in tensile strength, modulus,
and elongation at break; interestingly the mechanical properties were observed to be compa-
rable to those of blood vessels, ligaments and human cartilage.

Improvement in the conductivity of insulating polymeric scaffolds has been reported; from
the angle of the biocompatibility.26 The induction of appropriate electrical properties by the addi-
tion of filler, in a viscoelastic system, can fine-tune its inherent characteristics including biocom-
patibility. The embedding of an elastomeric matrix with biocompatible filler could be an ideal
option to trigger the desired elastic features while improving the basic visco-elastic properties.27

2. Hydroxylapatite: a promising filler for elastomers

Hydroxylapatite (HA) is a major component of human bone, where it is entwined with
collagen fibers. The constituents of HA are primarily calcium (Ca) and phosphorous (P),
with a stoichiometric ratio of Ca/P ¼ 1.667.28 Fig. 10.3 shows the components of bone,
showing the presence of HA. The synthetic HA has been of great interest to researchers,
due to its outstanding biocompatibility and affinity toward biopolymers.30,31 It has been re-
ported that the HA can support new bone in growth through osteo-conduction, without pro-
ducing any local or systemic toxicity, irritation, or foreign body responses.29

Several reports reveal that HA and its derivatives can be used to investigate the bio-
mineralization in human body. Outstanding reports are available in literature, on the biomin-
eralization activity of HA particles.32e34 It has been reported that the HA can act as a nuclei
for the apatite formation. The amount of apatite formed is directly related to the

FIGURE 10.3 Components of bone [Ref. 29].
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concentration of HA. The apatite layer structure is also influenced by the viability and differ-
entiation of preosteoblast cells.35 The SEM images of a chitosan/HA composite showing
apatite formations have been presented in Fig. 10.4.

HA is a promising material for several applications such as bone and periodontal defects’
replacement, ear implanting, tissue engineering, drug delivery and bio-active coating on
metallic osseous implants.36e39 The broad-spectrum significance of HA and its derivatives
has also led to many engineering and technological purposes; as catalysts for chemical reac-
tions such as Michael addition and methane oxidation, host materials for laser, fluorescence

FIGURE 10.4 SEM images of chitosan/HA composites showing apatite formation after immersing in simulated
body fluid for 1, 3 and 7 days (A): 5% n-HA (B) 8% n-HA (C) 10% n-HA [Ref. 34].
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materials, gas sensors, ion conductors, etc.40e43 Synthetic HA also finds applications in col-
umn chromatography, for rapid fractionation of proteins and nucleic acids, and also for water
management practices and remediation of heavy metals and polluted soils.44e46

Muller et al. reported the influence of HA particles on the human monocyte derived mac-
rophages (HMMs), by incubating them with HMMs in serum and serum free conditions.47 It
has been observed that the HA addition does not produce any inflammation, irrespective of
its concentrations used. The overall bioactivity of HA has been found to be influenced by fac-
tors such as the amount of proteins adsorbed, size, surface charge, morphology, formation of
agglomerates and hydrophilicity.48e52

Excellent reports are available in literature, on the usage of HA as drug delivery agents. The
drugs so delivered are protected fromdisintegration and are usually released at a slow rate. The
kinetics of cisplatin release byHAhas been reported by Barroug et al.53 The results showed that
a cumulative release of 58% of adsorbed drug occurred within 2 weeks. Palazzo et al. reported
the kinetics of release of cisplatin, di (ethylene diammine platinum) medronate (DPM) and
bisphosphonate alendronate fromHA.54 TheHAhaving needlemorphology favored ligand ex-
change induced binding to negatively charged alendronate. Irrespective of the surface area and
shape, the HA could load almost 90% of the initial concentration of alendronate and cisplatin.

A novel approach to vaccination based on HA as an antigen carrier is currently in practice.
Goyal et al. reported the use of HA particles coated with cellobiose, to deliver a hepatitis B
surface antigen (HBsAg).55 It has been observed that the HA coated system delivers approx-
imately 20% of HBsAg effectively. HA can also be used for bio-imaging applications. Ong
et al. reported the use of HA, conjugated with the radio isotopes of technetium, for bio-
imaging purpose.56 Clunie et al. performed experiments using HA-Sm153 (Sm- Samarium)
particles, as a carrier to obtain bio-distribution data.57

Among severalHAstructures, nano-sizedHAs,with appropriatemorphology, stoichiometry,
andpurity have nowgainedboundless attention in various bio-medical applications and in basic
research areas.58e61Anobserved improvement in cell proliferation anddifferentiation associated
with n-HA compared to conventionalHA can be attributed to the increased surface area and sur-
face roughness, resulting in better cell adhesion and cell matrix interactions.62,63

3. Synthesis strategies for n-HA

The properties of synthetic n-HA are strongly dependent on its crystallinity, particle size,
particle size distribution, morphology and surface area, which in turn depend up on the route
for its synthesis. A variety of synthetic strategies for the synthesis of n-HA particles are avail-
able in literature such as:

3.1 Dry methods

Drymethodsmay be executed by solid state synthesis andmechano-chemicalmethods.64e66

They are having the advantages of obtaining n-HA crystals with high crystallinity, from rela-
tively cost-effective raw materials. The major draw backs associated with them are the larger
particle size (in solid state reaction) and low phase purity (in mechano-chemical process).
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3.2 Wet methods

n-HA crystals are normally prepared by precipitation from aqueous solutions of Ca and
phosphate ion sources. The wet chemical method can be classified into six categories as
follows67e71:

1. Conventional chemical precipitation
2. Hydrolysis method
3. Sol-gel method
4. Hydrothermal method
5. Emulsion method
6. Sonochemical method

A strong advantage of this strategy is a clear-cut control over the morphology and particle
size. However, the crystallinity and phase purity control are very difficult. In order to obtain
HA with high phase purity, a precipitation reaction is usually carried out at high pH or high
temperature or both.72,73 When the pH is dropped, the temperature should be elevated and
vice versa. This can causes an intense reduction in the formation of phase impurities, such
as dicalcium phosphate anhydrous (DCPA) and octa calcium phosphate (OCP), ensuring
HA as the dominant phase. Fig. 10.5 shows the influence of pH and temperature on the
morphology and particle size of n-HA.74

FIGURE 10.5 Effect of temperature and pH on the morphology and particle size of n-HA [Ref. 74].
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3.3 High temperature process

The routes for high temperature synthesis of n-HA particles include combustion method
and pyrolysis, of which the former has received more attention.75e77 By this method, good
chemical homogeneity and excellent crystallinity can be achieved. Unwanted CaP phases
can be eliminated by high temperature processes. Poor control over the processing variables
and the generation of secondary aggregates (especially during pyrolysis) are the major
drawbacks.

3.4 Synthesis from biogenic sources

Naturally available substances such as bone waste, egg shells, skeleton of marine organ-
isms, naturally derived biomolecules etc have been extensively employed for the synthesis
of n-HA over the past decades. This method may attract more consideration in the near future
because of the possible achievement of enhanced physicochemical properties.78e80

4. Structure and dispersion behavior of hydroxylapatite nanoparticles

Fig. 10.6 shows a typical crystal structure of HA. HA crystallizes in hexagonal system with
unit cell dimensions a ¼ 9.41 A0, c ¼ 6.88 A0, z ¼ 2 (Space group: P63/m).81 Lower crystallo-
graphic symmetry causes anisotropy along different directions. It has been observed that the
c axis of HA crystals and collagen fibers showed a preferred orientation along the

FIGURE 10.6 Crystal structure of HA nanoparticles [Ref. 81].
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longitudinal direction of the bone, whereas weak poles for the c axis of HA were noted in
both the radial and tangential directions.

It has been reported that the “a” and “b” planes are bioactive, whereas “c” is bio-inert.
Thus, in-order to use HA for biomedical applications, a specific orientation of the crystal is
required.82 Owing to the presence of polar groups, the crystals are susceptible to ion ex-
change easily.

The properties of the elastomers can be modulated by the nanofillers, if there is consider-
able extent of interaction between the components. Lack of adhesion between the compo-
nents, however, may lead to the failure of the system. The surface wettability plays a
crucial role in determining the overall performance of the nanoparticle reinforced elastomeric
systems.83 The wettability further depends on the hydrophilicity/polarity of the partners. For
a wetting surface, the surface energy should be minimum. The wettability is expressed in
terms of contact angle values qc, the angle at which the gas-liquid interface, gGL meets the
solid-liquid interface gSL. The surface may be considered as hydrophilic, if the fluid spreads
over a large area on the surface (qc < 900). A nonwettable surface is characterized by a contact
angle qc > 900 (hydrophobic).84 Fig. 10.7 shows typical images of water droplets on (a) a hy-
drophobic and (b) a hydrophilic surface, respectively.

The degree of wetting is expressed by the spreading parameter S, which is defined as83:

S ¼ gSG � ðgSL þgGLÞ (10.1)

The conditions for complete wetting of the surface is S > 0 and, and for partial wetting is
S < 0.

It has been reported the surface tension and wettability directly influences the thromboge-
nicity, and protein adsorption behavior.85

The mechanical properties of the n-HA modified elastomeric system depends upon the
size, shape and size distribution of n-HA. Various shapes of n-HA are available viz; irregular,
acicular (nano rods, nano tubes) and platey.86 It has been reported that our natural bone is
made up of blade like nano hydroxylapatite crystals.87 Irregular shapes are preferred over

FIGURE 10.7 Images of water droplets on (A) silicone rubber (B) silicone rubber/nano hydroxylapatite surface
[Ref. 84].
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regular shapes, since the polymer can form mechanical interlock with the nano fillers,
whereas it is not possible with the spherical fillers. The chemical bonding between the poly-
mer and n-HA particle will certainly influence the mechanical properties of the system.88,89 If
the interfacial interactions are very strong, the stress transfer from the polymer to the rein-
forcement has been observed to very effective.

The amount of nano filler can influence the mechanical properties of the nano filler filled
polymeric systems. Espirages et al. proved that the n-HA loading in a bioactive acrylic bone
cement would increase the tensile modulus and compressive strength.90 However, as the n-
HA loading exceeded 20 wt%, the homogeneity of the systems was found to be lost. Then the
entire stress would be concentrated on the n-HA particles, giving rise to a brittle system, with
lower tensile properties. The finer particles may tend to combine together to form strongly
bonded aggregates, which may change into larger structures known as agglomerates. Typical
adhesion forces, viz., interlocking, electrostatic, van der Waals may be applied with
increasing agglomerate strength.91

A high quality and high performance polymer nanocomposites would require homoge-
neous dispersion of nanofillers within the matrix. The efficiency of particle dispersion in a
matrix can be assessed by scanning electron microscopy (SEM), transmission electron micro-
scopy (TEM) and image analysis technique. TEM image of polysiloxane/HA systems having
a particle size of 20e70 nm, with (a) relatively homogenous distribution of HA particles
and (b) HA agglomerates have been shown in Fig. 10.8.92

For every nanoparticle filled polymeric system, there would be a maximum volume frac-
tion of the filler that could be incorporated into the matrix. In actual practice, the nanofillers
have a broad or bi model size distribution.92 In this model, the smaller particles may assume
to occupy the space between the larger particles, leading to high content of the filler per unit
volume in the resulting composites.

FIGURE 10.8 TEM image of polysiloxane/HA systems having a particle size of 20e70 nm, with (A) relatively
homogenous distribution of HA particles and (B) HA agglomerates [Ref. 92].
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5. Surface modification of hydroxylapatite nanoparticles

The surface treatments ensure a relatively uniform distribution of n-HA particles, even at
higher filler loadings. The surface modifiers should be nontoxic, biocompatible, and they
would not alter the physicochemical as well as the biological properties of n-HA. Various
strategies have been adopted for the surface modification of n-HA particles. The surface mod-
ifications by carboxylic acids were well established.93 The carboxylic acids form hydrogen
bond with the surface eOH group of n-HA. It has been observed that the higher homologous
carboxylic acids are more effective compared to lower members. The carboxylic acids, viz.,
oleic acid and stearic acid, belong to the fatty acid series can be used up to 3 wt%, without
altering the particle size and bio-activity of n-HA.94 The use of surfactants sodium dodecyl
sulfate (SDS) for n-HA surface modifications are available in literature.95 The negative charge
of SDS may interact with the localized surface charge of n-HA particles.

Esterification reactions constitute an alternative method for the surface modification of n-
HA particles.96 The alkyl part in the alcohol may react with acidic phosphate site of the n-HA,
to form esterified n-HA. The surface modification by this strategy could bring changes in
properties viz; acidity, basicity, catalytic activity, electrophoretic mobility and protein
adsorption behavior. The surface modification of n-HA by pyrophosphoric acid (PP) have
been reported by Tanaka et al.97 The surface PeOH groups of n-HA are being attacked by
PP to form additional surface PeOH groups and phosphoric acids. As the concentration of
PP increases, more surface PeOH groups are attacked by PP as per the reaction:

P-OH (Surface) + H4P2O7 P-O-PO(OH) 2 (Surface) + H3PO4

H4P2O7

P-O-PO(OH)-O-PO(OH)2 (Surface) + H3PO4

The modified n-HA particles were found to be more aggregated compared to the unmod-
ified ones. With an increase in the modifier (PP) concentration, the amount of phosphate
group increases, leading to a reduction in the Ca: P ratio from 1.62 to 1.35.

Silanes have been widely employed as a coupling agent between the inorganic and organic
components.98,99 It has been reported that the silanes do not enhance the cytocompatibility
of the final products. Its application have been reported in the surface modification of n-
HA for the fabrication of dental composites and bone repairing materials.100 Borum et al.
modified the n-HA particle’s surface by silica with varying amounts, which is obtained by
the hydrolysis of tetraethyl orthosilicate.101 Excellent reports are available in the literature,
based on the role of silica in the osteogenic and bioactivity of the bioglass.102 The surface sila-
nol groups (SieOH) on the amorphous silica has been found to be more effective compared to
the highly crystalline or heat treated silica. The n-HA particles were also modified by hexam-
ethyldisilazane [(CH3)3Si]2NH (HMDS), followed by heat treatments.103 This was driven by
the thought that the surface PeOH group of n-HA particles would react with HMDS and
form Si(CH3)3 groups on the surface. As a result of this, the hydrophilic surface may change

5. Surface modification of hydroxylapatite nanoparticles 209

II. Industrial applications of nanomaterials



into hydrophobic. When the modified surfaces are heated, they may be converted into surface
SieOH groups. The SieOH groups formed in this way and the remaining surface PeOH
groups again may react with HMDS. Owing to this, there may be an increase in the surface
Si atom according to the mechanism as shown below103:

Mechanism of surface modification of n-HA particles by HMDS

The surface silanol groups can also be formed by the hydrolysis of triethoxysilane in
ethanol as per the reaction shown below.104

CH2¼CHSi(OCH2CH3)3 þ 3 H2O / CH2]CHSi(OH)3 þ 3 CH3CH2OH

The active groups of the n-HA particles viz; OH�, PO4
�3 and Caþ2 may react with the hy-

drolysate. Owing to this, the hydrophilic surfaces of the n-HA changes into hydrophobic.
The n-HA particles can be modified by using g-aminopropyltriethoxysilane by exploring
the amino groups.105 The modifier, g-methacroyl oxytrimethyl silane, have been employed
in the surface modification of the n-HA particles for the fabrication of bioactive bone
cement.106

Wang et al. reported two strategies to improve the interfacial adhesion between the con-
stituents107; use of silanes for the n-HA surface modification and grafting for the polyeth-
ylene matrix. It has been shown that the coupling agent, silane, enhances the penetration
of polymer chains into the voids of n-HA, during the processing. As a result of this, the
interlocking between the n-HA and the matrix gets enhanced, leading to a system, which
functions in a synergic way. Various isocyanates were grafted onto n-HA particles at
different temperatures and the reactivity of isocyanates toward eOH group of n-HA
have been compared.108 It was found that the hexamethylene diisocyanate (HMDI) and iso-
cyanatoethyl methacrylate (ICEM) have more affinity toward n-HA, while ethyl isocyanate
acetate (EIA) and butyl isocyanate (BIC) have less affinity toward n-HA particles. Therefore,
ICEM and HMDI are ideal for introducing polyethylene glycol (PEG) on to the n-HA
particles.

Lee et al. reported a novel strategy for the surface modification of n-HA particles by using
3-mercaptopropoinic acid.109 It was followed by the grafting of ethylene glycol methacrylate
phosphate (EGMP) to create sulfur free radicals at the surface of n-HA. A schematic represen-
tation of the surface modification process has been shown as Fig. 10.9.
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6. Nano-hydroxylapatite modified elastomeric systems

Liu et al. developed polymer nanocomposite membranes based on polyurethane (PU) elas-
tomers and n-HA particles by solvent casting and freeze drying strategies.110 PU/n-HA
membranes were then subjected to different characterization techniques viz; SEM, XRD,
IR, mechanical test and in-vitro biocompatibility. The results substantiate that the incorpora-
tion of n-HA into PU matrix increases the tensile strength by 186% and elongation at break by
107% compared to virgin PU. MTT assay and cell culture studies reveal that the n-HA par-
ticles in PU matrix creates a positive environment for adhesion and proliferation of cells.
The developed system has been proposed to use as bone regeneration membranes.

The surface of the composite membrane was observed to be rough with irregular pores,
compared to neat PU and the surface roughness increases with increase in n-HA loading.
The SEM images of the systems have been shown in Fig. 10.10. The rough surface and porous
structures are highly desirable for the cell adhesion and proliferation.111

It is reported that the pore sizes greater than 20 mm are essential for the tissue in-growth.112

In the study, the developed PU/n-HA system has a pore size of <10 mm, and it has been
found to possess the potential to prevent the escaping of osteogenic components and main-
tain a suitable environment for the migration of osteogenic cells in the defect, while prevent-
ing the connective tissue migration into the bony defect site.

The mechanical properties of the systems have been presented in Table 10.1. It has been
observed that as the n-HA content increases from 0 to 30 wt%, the tensile strength increases
from 4.91 to 14.04 MPa and the elongation at break increases from 370% to 766%. As the n-
HA loading exceeds 30 wt%, both the tensile strength and the elongation at break exhibit a
decreasing trend.

FIGURE 10.9 Surface modification of n-HA by grafting polmerization (A: Thiol functionalized n-HA, B: S rad-
icals on n-HA surface, C: Surface grafting polymerization of EGMP) [Ref. 109].
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The surface eOH groups of n-HA particles are highly reactive and they can make covalent
linkages with a polymer matrix. These covalent linkages are often responsible for the
improved interfacial interactions between the polymer matrix and the n-HA particles, leading
to an enhancement in the tensile properties. The enhancement in mechanical properties, upon
the incorporation of nanofillers have been reported by many researchers.113e116 The nanopar-
ticles are capable of transferring the stress among them, during the deformation process. As
the concentration of n-HA increases, there are chances for particle agglomeration and the par-
ticles would be loosely bonded to each other. Owing to this, the mechanical properties exhibit
a decreasing trend. The in-vitro biocompatibility tests reveal that the added n-HA particles
plays an important role in improving the biocompatibility of PU based membranes. The n-
HA particles in PU matrix creates an osteo-conductive environment compared to the sample
without n-HA. The n-HA may be employed either in the form of granules, blocks or cements
for bone regeneration applications.117e119 As the n-HA content increases, the number of cells
which adhering on the membrane was observed to be increased. The n-HA weight ratio of
30% has been found to be optimum, to use the developed system as bone regeneration
membranes.

FIGURE 10.10 SEM images of PU/n-HA systems as a function of n-HA loading: (A) PU (B) 30 wt% n-HA (C)
40 wt% n-HA [Ref. 110].

TABLE 10.1 Mechanical properties of PU/n-HA systems [Ref. 110].

HA content
(wt%)

Tensile strength
(MPa)

Elongation-
at-break (%)

Tensile modulus
(MPa)

Bending strength
(MPa)

Bending modulus
(MPa)

0 4.91 � 0.49 370 � 30 1.23 � 0.10 0.45 � 0.07 5.64 � 0.26

20 9.52 � 0.58 619 � 33 2.32 � 0.09 1.36 � 0.02 13.21 � 0.35

30 14.04 � 0.74 766 � 32 3.69 � 0.19 1.76 � 0.13 17.38 � 0.50

40 12.84 � 0.69 597 � 29 8.45 � 0.42 2.42 � 0.18 21.24 � 0.34
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In another report, the PU matrix was reinforced by n-HA particles, after the surface modi-
fication of n-HA by multifunctional isocyanates.120 The surface modification process im-
proves the adhesion between the PU matrix and n-HA particles. The surface properties of
n-HA may change after the surface modification; which may prevent the particles from
agglomerating and ensures a relatively homogenous distribution in the matrix. Owing to
this, the surface modified composite systems often exhibit excellent mechanical features,
compared to the untreated n-HA containing samples. The stress-strain plots of the systems
have been shown as Fig. 10.11.

Tetteh et al. reported the fabrication of PU/n-HA composites for bone tissue engineering
applications by electro spinning technique and evaluated the role of particle size of hydrox-
ylapatite on the fiber morphology and mechanical properties.121 It has been shown that the
HA with smaller particle size and higher surface area, blends very well with the PU matrix,
and results in a uniform distribution of fibers compared to those having m-HA (Fig. 10.12). It
was reported that the n-HA particles with higher surface area compared to m-HA would offer
better bonding to the PU matrix, enabling greater reinforcement and eventually excellent me-
chanical and functional properties compared to conventional microcomposites.

The n-HA fibers are more consistent in size and morphology, and the particles would be
better distributed within, and bound to the matrix. HA has been reported to facilitate quicker
bone regeneration and exhibit the capability to bond directly with the regenerated bone.122

The PU/n-HA systems possess excellent cell viability; meaning that the cell proliferation
rate is higher. This may be due to the bioactive nature of HA, combined with a higher surface
area and crystallinity.

A higher surface area of HA would make it suitable to adsorb more amount of proteins.123

It has been shown that the initial calcium absorption onto the nanofillers would enhance the
binding of some of the proteins, which further would promote adhesion and proliferation of

FIGURE 10.11 Stress-strain curves of the PU/n-HA systems (A) PU/untreated n-HA (B) PU/surface modified n-
HA (C) unfilled PU [Ref. 120].
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cells. The porosity of HA also has a strong influence on the cell viability. A Low porosity
would hinder the cell proliferation and decrease the rate of migration and nutrient transfer.
Fig. 10.13 shows the MTT assay of various systems, viz., PU/n-HA, PU/m-HA and PU elas-
tomers using MLO-A5 cells.

In one of our efforts, silicone rubber (SR) was modified by embedding it with n-HA par-
ticles to evaluate the dielectric and viscoelastic features.124 The properties viz; dielectric con-
stant, dissipation factor, volume resistivity, electrical conductivity, storage modulus and
mechanical damping were investigated. The aim is the simultaneous modulation of con-
ducting and visco-elastic features to enable SR to function effectively in more challenging
ambience than that of its regular and current utilizations. It has been observed that the dielec-
tric constant increases with an increase in n-HA loading, for all the frequencies. The dielectric
constant has contributions from both the interfacial and orientation polarizations.125

In the interfacial polarization (MaxwelleWagner polarization) mechanism, dipoles can be
induced at the interface between the dielectric SR and the conducting n-HA, in the presence

FIGURE 10.12 SEM images: Column A- Electrospun PU/ m-HA composites and a histogram of fiber diameter;
column B- Electrospun PU/ n-HA composites and a histogram of fiber diameter [Ref. 121].
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of an electric field (due to the difference in polarization). In addition, when polar n-HA mol-
ecules are subjected to an electric field, the randomly distributed dipole fields can orient
themselves with the applied field causing orientation polarization. The observed enhance-
ment in dielectric constant with n-HA loading can be attributed to the increment in orienta-
tion and interfacial polarization originating from the polar groups of n-HA. The dipole
moment of OH in n-HA has a major contribution to the dielectric features. A scheme demon-
strating the polarization effect of n-HA is shown in Fig. 10.14.

FIGURE 10.13 MTT assay of the PU/n-HA, PU/m-HA and PU elastomers [Ref. 121].

FIGURE 10.14 Orientation of dipoles of n-HA in SR matrix, in presence of an electric field [Ref. 124].
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Loading of n-HA into SR matrix has been found to result in a significant improvement in
the room temperature storage modulus of SR/n-HA systems. The n-HA particles have been
found to be almost homogenously distributed within the SR matrix, reducing discontinuities
for stress transfer; under a sinusoidal load. The embedding of n-HA particles into viscoelastic
SR matrix restricts the segmental mobility and deformability of the matrix. This has been
shown in Fig. 10.15.

Fig. 10.16 shows the loss factor, the ratio of loss modulus to storage modulus, of SR/n-HA
systems. In a composite system, the loss factor is affected by the incorporation of fillers.126

This can be attributed to the shear stress concentrations at the filler ends in association
with the additional viscoelastic energy dissipation within the matrix.

In the case of the unfilled system (pure SR), three peaks have been observed in the tan
d versus temperature plot; one at �110�C corresponding to Tg; a prominent peak at �56�C,
characteristic of the crystalline domains in SR and a peak at �30�C corresponding to the
melting of the crystalline domains. However, for the filled systems, the tan d peaks have
been found to be reduced in height with a broadening. This is a clear evidence of the embed-
ding effect of n-HA in SR matrix. Interestingly, the crystallites of n-HA with SR macromolec-
ular chains gives an effective reinforcement and the system functions in a synchronized way
under the dynamic load. This is schematically shown in Fig. 10.17.

The simultaneous modulation of visco-elastic and dielectric properties achieved through
the above work can contribute to the expansion of the spectrum of applications of SR.
When a voltage is applied across SR/n-HA system, which is placed between two electrodes,

FIGURE 10.15 Storage modulus of SR/n-HA systems [Ref. 124].
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FIGURE 10.16 Tan d versus temperature of SR/n-HA systems [Ref. 124].

FIGURE 10.17 Schematic representation of behavior of SR and SR/n-HA systems under a dynamic load
[Ref. 124].
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the attraction between opposite charges and the repulsion of like charges would generate a
stress (known as Maxwell stress) causing the compression and elongation of it as shown in
Fig. 10.18. This effect can effectively be utilized for the development of blood pumps and ro-
botic instruments for minimally invasive surgery.

Roy et al. reported the fabrication of fibrous n-HA/poly dimethyl siloxane (n-HA/PDMS)
composites and evaluated the role of nano filler aspect ratio, crystallinity and surface inter-
actions on the functional performance of the developed systems.127 A soft template method
has been employed for the fabrication of n-HA fibers. Nanofibers of varying aspect ratio and
crystallinity have been synthesized by varying the pH and calcination time. The tensile
strength and tensile modulus of the n-HA fibers prepared under normal pH, showed a dra-
matic increase, when compared with those prepared under an acidic pH.

Further, uncalcined samples were observed to offer a better reinforcement compared with
the calcined samples. A comparison has been presented as Fig. 10.19.

The physicomechanical properties of the polymer nanocomposites are highly influenced
by the aspect ratio of the nano filler.128 The enhancement in the mechanical properties has
been observed to be directly proportional to the aspect ratio of the filler, which further de-
pends on its geometry and dispersion behavior. An enormous discrepancy in magnitude
of various properties was obtained for the nanocomposites prepared with calcined and un-
calcined n-HA fillers. This has been attributed to the high crystallinity of n-HA, ease the reg-
ularity in arrangement of the atoms, and attainment of regular shape with smooth surfaces. It
was shown that n-HA with low crystallinity are irregular, but upon calcination, the smooth-
ness of the surface increased.129

Irregular surfaces of n-HA are capable of establishing polymer-filler interactions, by me-
chanical interlocking phenomena.130 Thus stronger filler-polymer interfaces are established
with uncalcined samples, owing to the presence of more anchoring sites due to the surface

FIGURE 10.18 Actuation in: (A) SR (B) SR/n-HA systems [Ref. 124].
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irregularities. The FESEM images of the samples (Fig. 10.20) show the difference in the disper-
sion behavior of the nanofillers prepared at normal pH and an acidic pH. The n-HA fibers
prepared at normal pH shows a relatively uniform distribution, whereas significant agglom-
eration has been observed in the samples prepared at an acidic pH.

In another interesting report, poly (1, 2-propanediol-sebacate) citrate [PPSC] elastomers
have been modified by varying the amount of n-HA (5e20 wt%) for tissue engineering appli-
cations.131 The DMA study reveals that the developed system is mechanically stable under
dynamic load. The addition of n-HA into PPSC matrix leads to a reduction in the tangent
of loss angle (tan d), owing to the volume effect.

FIGURE 10.20 FESEM images of the n-HA fibers prepared at: (A) Normal pH (B) acidic pH [Ref. 127].

FIGURE 10.19 Stress-strain plots of unfilled PDMS (VPH0) and n-HA filled PDMS nanocomposites (VPHAU2:
n-HA prepared at normal pH and uncalcined; VPHBU2: n-HA prepared at acidic pH and uncalcined) [Ref. 127].
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Besides, the interaction between the n-HA particles and the matrix causes a decrease in the
height of the tan d peak. In addition, the glass transition temperature (Tg), which is deter-
mined from the peak of the tan d curve, gets shifted to a lower temperature. The reduction
in the Tg has been attributed to the decrease in the crosslink density of the system, upon
n-HA loading.132 The storage modulus represents the ability of a material to store the me-
chanical energy and oppose deformation.133 It has been shown that the PPSC/n-HA systems
possess a higher storage modulus compared to the virgin PPSC. The addition of rigid n-HA
particles restricts the free segmental mobility of the elastomeric chains and causes an increase
in the storage modulus. The variations of tan d and storage modulus upon n-HA loading
have been shown as Fig. 10.21.

It has been reported that, as the n-HA content in the PPSC matrix increases, the water con-
tact angles decreases and the systems become more hydrophilic. This can be attributed to the
formation of hydrogen bonds between the surface eOH groups of n-HA water molecule.

The water uptake (%) of the samples were determined by comparing the initial weight
(W0), with the weight after swelling (W1) in phosphate buffer solution at pH 7.4, as shown
in Eq. (10.2).

Water uptake% ¼ W1 �W0

W0
(10.2)

From Fig. 10.22, it is clear that the water absorption of the composites offers a decreasing
trend with increasing n-HA content in the PPSC matrix. This may be attributed to the strong
interfacial interactions between the filler and the matrix and the volume effect induced by the
filler would reduce the degree of swelling.

The cell viability has been assessed by MTT assay by using L929 cells. The cell relative
growth rate (RGR) was calculated as131:

RGRð%Þ ¼ Absorbance of the material�Absorbance of the blank
Absorbance of the negative�Absorbance of the blank

� 100 (10.3)

The RGR has been classified into six numerical grades as shown in Table 10.2. Attainment
of a grade 0e1 was accepted as qualified.

Fig. 10.23 shows that the cell morphology is not very much different from as in the case of
negative controls. The cells show good growing conditions. It has been proved that the addi-
tion of n-HA improves the biocompatibility of PPSC matrix.

An elastomeric hydrogel has been developed by embedding polyethylene glycol (PEG)
with n-HA particles for diverse tissue engineering applications.134 The developed systems
possessed a pore size of 100e300 nm. The PEG hydrogels and PEG/n-HA nanocomposites
hydrogels were subjected to loading and unloading cycles to determine the hysteresis. The
results indicate that, for the PEG hydrogel, there is an almost complete overlapping of the
loading and unloading cycles. However, for the nanocomposites, hysteresis has been
observed as shown as Fig. 10.24.

The addition of n-HA particles into PEG gel increased the compressive strength and
modulus of the nanocomposites. The modulus increased by twice, when the n-HA concentra-
tions increased from 0 to 15 wt%. The effect of n-HA loading, on the visco-elastic features of
PEG hydrogel, was evaluated from the energy required for the permanent deformation. This
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TABLE 10.2 The standard of RGR response grades [Ref. 131].

Grades 0 1 2 3 4 5

RGR �100 75e99 50e74 25e49 1e25 0

FIGURE 10.21 Variations of tan d and storage modulus upon n-HA loading in the PPSC matrix [Ref. 131].

FIGURE 10.22 Water absorption of PPSC/n-HA composites [Ref. 131].
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has been obtained from the area of the hysteresis loop in the stress-strain plot. The virgin PEG
hydrogel remains elastic at low deformation and thus experiences low energy loss during the
loading and unloading cycle. As the n-HA content increases from 0e to 15 wt%; the energy
loss observed is 25-fold. This has been an indication that the n-HA particles could induce
some viscoelastic changes for the PEG hydrogel.

FIGURE 10.23 Images of cells after incubation for (A) 2 days (C) 4 days (E) 7 days (b,d,f) the negative control
[Ref. 131].
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It has been reported that the PEG is a biocompatible polymer, having a low rate of protein
adsorption and cell adhesion.135 The addition of n-HA particles into PEG matrix would inter-
estingly provide cell adhesion sites that may lead to the attachment of more number of cells
on the surface of hydrogel nanocomposites as shown in Fig. 10.25.

Some other studies show that the n-HA can promote adhesion of osteoblasts cells and facil-
itate differentiation of mesenchymal stem cells into osteoblast cells.136,137 Song et al. fabri-
cated elastomeric nanocomposites composed of poly (2-hydroxyethyl methacrylate) and
high amounts of n-HA.138 The osteoblastic differentiation of the bone marrow stromal cells
on these materials was observed to be significantly influenced by the addition of n-HA.

FIGURE 10.24 (A) Compressive properties as a function of n-HA loading (B) typical hysteresis plot of PEG/n-HA
systems [Ref. 134].

FIGURE 10.25 Cell cultured on PEG and n-HA/PEG nanocomposites [Ref. 134].
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7. Conclusions

One of the most charming phenomena in material science is the reinforcement of elasto-
mers by rigid entities such as dispersed particulate fillers. The reinforced elastomeric systems
can play a crucial role in the fabrication of many devices for technological applications. Nano-
sized reinforcements in elastomeric systems allow the modulation of a wide range of mate-
rials’ properties. It offers a higher degree of interfacial interactions and lower stress
concentrations.

There have been many achievements in the field of multifunctional nanocomposites’ tech-
nology. Great efforts have been undertaken to modify these materials at the nanoscale to opti-
mize their performance. It is believed that the multifunctional polymer nanocomposites
would play a key role in our lives in the near future.
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Emerging applications of nanofluids
Alagappan Subramaniyan

Department of Physics, Thiagarajar College of Engineering, Madurai, Tamil Nadu, India

1. Introduction to nanofluids

Nanofluids are colloidal engineered suspensions of nanoparticle in a suitable base fluid.
The tailoring of nanoparticle size, shape, chemical composition, volume fraction of the nano-
particle can affect the properties of nanofluid. Nanofluid are nanoparticles suspended in a
liquid medium which enhance the properties of the base medium. When nanoparticles are
dispersed in a liquid medium, they can also create an interfacial layer between the particle
and liquid medium

Fig. 11.1 depicts the constituents of nanofluid. We could just consider a combination of
nanoparticle, interfacial layer, and base fluid to constitute a nanofluid

Nanofluid ¼ Base fluid þ Nanoparticle þ Interfacial layer surrounding nanoparticle.

The first indication of nanofluid was given by S.U.S Choi in 1995 at Argonne National Lab-
oratory, the USA.1 Nanofluids are attributed as accidental discovery when Choi was not able

C H A P T E R

FIGURE 11.1 The constituents of nanofluid.
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to separate the copper nanoparticles synthesized by Chemical Vapor Deposition. Due to
recent advancements in manufacturing process of nanoparticles and commercial availability
of nanoparticles, nanofluid preparation has become extremely easy. Nanofluids can be pre-
pared by two major methods. The one step method and two step method.

In one-step process, the nanoparticle is prepared in the liquid medium to get a nanofluid.
In two-step process, the nanoparticles are first synthesized by any of the top-down or bottom-
up manufacturing process. This is followed by dispersing nanoparticles in select liquid me-
dium of desired volume fraction.

Due to wide synthesis methods available over a range of composition for nanoparticles, a
variety of nanofluids can be prepared. Nanofluids can be metallic, ceramic, or carbon based.
In recent years, polymeric nanofluids have also been synthesized. Some of the typical nano-
fluids which have attracted attention of researchers are ZnO nanofluid (ZnO nanoparticles
dispersed in water), TiO2 nanofluids, Ag nanofluid, copper oxide nanofluids, Al2O3 nano-
fluids, etc. The efficient applications of nanofluid lie in their stability2. The nanoparticles
need to be dispersed in the liquid medium. Optimizing the nanoparticle volume fraction, vol-
ume of base liquid, shape and size along with inclusion of surfactants are recommended tech-
niques. The characterization of nanofluid is done through the Zeta potential measurements
using the dynamic light scattering procedures. The potential is measured across the interfa-
cial layer, and a potential value of 30e60 mV can indicate a stable nanofluid. A stable nano-
fluid can be put to engineering, medical, and agricultural applications.

2. Tuning the application of nanofluids

It is a well proved fact that the size of nanoparticle of a particular shape and composition
can affect the number of surface atoms and change the properties of nanoparticle. For example,
decreasing size can introduce more number of surface atoms and alter the melting point of
nanomaterials. Thus the size of the nanoparticle can tune any desired property and affect
the extent of applications. The tuning of the color of gold by changing its nanosize is a remark-
able example in the history of nanotechnology. Since nanoparticles are a major constituent of
nanofluids, there is a possibility to tune the properties of nanofluid and explore their exciting
applications. Figs. 11.2 and 11.3 show the tenability of nanoparticle and nanofluid application.

FIGURE 11.2 Tuning the application of nanoparticle.
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3. Application of nanofluid

When nanofluids were first discovered, they were identified as a heat transfer medium
which could accelerate cooling process. Adding small volume fraction of nanoparticles in a
liquid can change the thermal conductivity by enormous amounts. Thus there is efficient
heat transfer from the device to the surroundings due to the presence of nanofluid. For
example, during cutting steel enormous volume of water is used to prevent the distortion
of steel due to high temperature. If small amount of nanoparticles are added in water, the
thermal conductivity of water increases and lesser amount of water is required. With the
extensive research in nanofluid synthesis, properties, stability investigations their applica-
tions also extended over a wide range from engineering to medicine and agriculture. The
objective of this chapter is to introduce the readers to emerging and evolving applications
of nanofluid which can save energy, natural resources, and even reduce the high-risk cancer
treatments. A brief list of new and emerging applications of nanofluid includes the following:

1. Industrial cooling
2. Oil recovery.
3. Machining process.
4. Improving natural gas storage
5. Solar energy harvesting applications
6. Carbon dioxide capture
7. Safe surgery and sensor fabrication

FIGURE 11.3 Tuning the application of nanofluids.
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3.1 Nanofluids for industrial cooling

Many electronic and electrical devices produce heat when the usage time is high. Proper
cooling is required for smooth running of machine and avoids overheating. PC desktop,
laptop, and smart phone of the current generation are cooled by air itself. A fan is necessary
to remove the heat, thus maintaining the temperature of the CPU. It increase their lives and
also reduces the risk of damage. A CPU cooling fan works on principle of convection. Mod-
ern CPU also consists of sensors which can alter the speed of fan to achieve the desired cool-
ing rate. Exponentially increasing heat generation has been cited as a problem with industrial
electronics.3

Several industrial applications like boiler power plant, laser, nuclear power plants, and
machining process require cooling mechanisms. Here cooling is the process of transfer of
heat energy for source to sink or device to surroundings to avoid overheating, The most
abundant used cooling medium is water, because of its high boiling point and high specific
heat in addition to low cost and easy availability. Industrial cooling can be done through
open or closed circulating systems. Water can be used to cool nuclear power plants, automo-
bile internal combustion engine, hydro electric generators, and laser systems. The principle
behind water cooling is convective heat transfer mechanisms. Large volumes of water are
required for cooling high temperature devices or for cooling large volume of heat sources.
Water cooling can also reduce the operating temperature of the PV cell, thereby improving
efficiency of PV panel.

Adding small volume of nanoparticles to water (nanofluid with water as base fluid) can
improve the thermal conductivity of water by large amounts thus providing an efficient cool-
ing system. Nanofluids can potentially enhance the efficiency of heat exchangers used in the
industrial sectors, Thus nanofluids are necessary for efficient heat transfer and can also aid
the reduction in the size of heat transfer device. Prior to nanofluids, microfluids (micron
size particles dispersed with fluids) were used. The idea of microfluid suspension was pro-
posed almost in 1831 by Maxwell.3 Nanofluids eliminated the problems associated with
microfluids like sedimentation, abrasion of pipe walls, and low thermal conductivity.4,5 East-
man investigated the properties of copper nanofluids (nanoparticles of copper with ethylene
glycol) and reported approximately 40% increase in thermal conductivity of ethylene glycol,
for a very small volume fraction of 0.3vol% of copper nanoparticles.6 Thus small volume frac-
tions of nanoparticle produced a big impact in cooling technologies by increasing the thermal
conductivity of existing fluid. A review on heat transfer characteristics of nanofluid and their
theoretical models, preparation of nanofluid, types of nanofluid, methods of measurement of
thermal conductivity is given by Xiang-Qi-Wang and Arun S Mujumdar.7

In automobile cooling, nanofluids can be used as engine coolant, fuel additive, shock
absorber, and as lubricant. The details of nanofluids application in automobile till the year
2010 are discussed by S. SenthilRaja.8 The major conclusions of the review indicate an in-
crease in efficiency in IC combustion engine within a range of 5%e10% along with an in-
crease in combustion of the fuel. Efficient cooling system in automobiles can lower the
weight of automobile and increase its efficiency. Ethylene glycol and ethylene glycol/water
in ratio 1:1 are used as automobile coolants. But adding nanoparticles to the existing coolant,
we can raise the boiling point of the working coolant there by transferring more heat to the
surroundings.
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A critical review on electronic cooling is reported by Mehdi Bahiraei.9 With the failure of
conventional cooling methods for high heat flux electronic devices, nanofluids have gained
importance. The review reports the use of carbon base nanofluids, alumina nanofluids,
zinc oxide, silica nanofluids, copper oxide nanofluids, diamond nanofluids, and hybrid nano-
fluids. A comparison between heat transfer enhancement of various nano-particles in cooling
of electronic devices is reported by Khaleduzzaman.10 Three different water base nanofluids
containing SiC, CuO, and alumina nanoparticles were investigated. The CuO and alumina
nanofluids showed highest enhancement values of approximately 11.5% and 12%, respec-
tively. A 10% increase in heat transfer can minimize the size of equipment and also indicate
a longer life span of the electronic device. Nanofluids are a sure solution to the rising heat
current density associated with a single chip. The single chip heat current density is reported
to increase from 320 W/cm2 to 530 W/cm2 during a period of 2007e2011 by Lee J.H.11 For a
4-year period, the heat current density is increased almost by 50%, which forces the engineers
to try alternatives like nanofluid. Moore’s law predicts that the number of transistors doubles
in almost 18 months. Thus the heat flux will also increase with the number of transistors. The
use of nanofluids not only increases the thermal conductivity of the liquid but also the heat
capacity of the liquid for a given volume. Minimal clogging, better stability, and reduced
pumping power are other added advantages of nanofluid technology for electronic cooling.
The nano particle size and shape dependence which could enhance the electronic cooling ca-
pacity is yet to be explored to its fullest potential. Many anomalies in results exist for the same
shape, size, and volume fraction due to method of preparation and impurities.

3.2 Nanofluids for oil recovery

Oil recovery is the process of cleaning and recovery of oil after an oil spill. Oil recovery can
be classifies as primary, secondary, tertiary, and quaternary. They also include thermal
method, chemical methods, and electromagnetic methods, etc. The worldwide oil recovery
is approximately at an average of 30%. The petroleum industry is also focusing on potential
use of nanofluids for enhanced oil recovery.12 An experimental study of nanofluids intended
for enhanced oil recovery was conducted by B.A Suleimanov13 and coworkers. The nanofluid
was made by an aqueous solution of anionic surface-active agents with addition of light
nonferrous metal nanoparticles. It was proved that the use of the nanofluid permitted a
70%e90% reduction in surface tension on an oil boundary in comparison with surface-
active agent aqueous solution. They also reported a considerable increase in enhanced oil re-
covery. Alomair14 and coworkers investigated the nanofluids for heavy oil recovery. Their
primary focus was to investigate the effect of nanofluid for heavy crude oil recovery in com-
parison to water flooding. They used silicon oxide, aluminum oxide, nickel oxide, and tita-
nium oxide nanoparticles at different concentrations with saline water as base fluid. They
also investigated the effects of nanofluids on the interfacial tension and emulsion viscosity.
Their experimental results proved that the aluminum oxide nanofluid at a concentration of
0.05 wt.% reduced the emulsion viscosity by 25%. The mixed nanofluid of silicon and
aluminum oxide at 0.05 wt.% showed the highest incremental oil recovery among the fluids
they investigated.
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Oil recovery can also be done by using electromagnetic waves by M. Kashif and co-
workers.15 They used electromagnetic transmitter with three magnetic feeders for oil recov-
ery. It was observed that with three magnetic feeders, the magnetic field increases to a
mximum of two times. The principle of using electromagnetic waves involves absorbption
of electromagnetic waves by the core rock samples. The absorption increases the heat in
core samples which further reduce the viscosity of the oil. M.kashif15 and coworkers reported
oil recovery of 40%e60% of the samples they investigated. Hassan Ali16 and co workers have
done a review on enhanced oil recovery by using electromagnetic-assisted nanofluids. The
effect of dielectric and magnetic nanoparticle for enhanced oil recovery is discussed. Viscosity
effects of nanofluids which influence enhance oil recovery process are reported. The interac-
tion of electromagnetic waves with nanoparticle is also explained.

Sayed Ameenuddin Irfann17 and coworkers have given a review on enhanced oil recovery
by using nanofluids based on mathematical modeling and simulations. Their aim was to un-
derstand the flow characteristics of nanoparticles in porous media and the behavior of nano-
particles under high temperatures, pressures, and salinity levels due to external electric and
magnetic fields. The reported that the experimental approaches for nanofluid enhanced oil
recovery are not only time-consuming, but also complicated and expensive. Hence mathe-
matical models are required for understanding the transport and interaction of nanofluids
in a reservoir. Further simulations offer an advantage of optimization to get maximum oil re-
covery with less cost. Their manuscript critically analyzes the latest developments in mathe-
matical modeling and simulation techniques that have been reported for nanofluid-assisted
enhanced oil recovery. They have also discussed the challenges ahead in nanofluid oil recov-
ery. The injection of nanofluids into oil reservoirs is now considered as a frontier chemical
technique for oil recovery. It has the potential to produce to produce more than 50%, which
is currently not possible by traditional primary and secondary recovery techniques. The role
of nanofluid in oil recovery process is to improve injectivity and aid the displacement of oil,
altering interfacial tension and viscosity as discussed in a review by Baoliang Peng and co-
workers.18 The technique of using nanofluids for oil recovery is also called as nanoflooding.
The effect of different dimensions of nanomaterials (0,1,2,3 D) and the nanostructure
morphology, intrinsic material properties, temperature, and pH are discussed in the same re-
view. They also concluded the mechanism of nanoflooding as wettability alteration, reducing
interfacial tension, controllable viscosity, disjoint pressure for oil displacement, and a stable
foam and emulsion.18 According to Baoliang Peng and coworkers,18 the most successful ap-
plications of nanomaterials in oil field use are encapsulated breakers and tracers. Successful
nanofloodings are reported in laboratories scale.

3.3 Nanofluids for machining process

Machining is a manufacturing process in which materials are removed using cutting tools
from some workpiece. The final objective of a machining process is to converting raw mate-
rial into a desired shape. Machining process include drilling, turning, milling, grinding, fac-
ing, boring, and knurling. Machining is also done on forged cast or rolled components and is
referred to as a secondary machining process or metal cutting process. Each machining pro-
cess has its own advantages and disadvantages, but they all have a drawback of large time
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consumption. Nanofluids play the role as cutting fluids for machining process there by
reducing the time of operation. A review on the various machining process, factors affecting
machining process, and the impact of various nanofluids for machining process in reducing
time of operation, energy, and material consumption is discussed by Y. Shokoohi.19 The lubri-
cation and cooling features of nanofluid play important role when they are used for
machining process. Application of nanofluid in machining process can also increase the qual-
ity of surface finish of the material. The quality is better than dry condition or when base
fluids like water alone are used for cooling The reason is attributed to more efficient lubri-
cating, decrease in machining forces, depletion in friction, and higher heat transfer coeffi-
cient.20 The composition of nanoparticle, shape, size, volume fraction of nanoparticle in
base fluid, the combination of nanoparticle, and base fluid will affect the lubricating and cool-
ing characteristics of nanofluid. Considerable variation of machining forces is reported with
the nanosize and volume fraction of aluminum oxide-water base nanofluid.20 It is also cited
that nanofluids have higher thermal conductivity and convection heat transfer factors along
with less environmental hazards.21 The high cost of nanoparticles clustering and sedimenta-
tion are negative aspects of nanofluids for machining process.19 Since nanoparticles have high
surface area, their chemical activity increases and formation of microparticles is favored
which is responsible for sedimentation. Nanofluids can be described as heat controlling
agents in machining process and maintaining the temperature of work piece and tool piece
along with reducing friction.22 Nanofluids of titanium dioxide nanoparticles23 have been
used to reduce the surface roughness by approximately 30%. Multiwalled carbon nanotubes24

with deionized water as base fluid can also provide the same reduction in roughness to tita-
nium dioxide with vegetable oil. N.S.M Sahid has reported on the experimental investigation
on the performance of the TiO2 and ZnO hybrid nanocoolant in ethylene glycol mixture to-
ward AA6061-T6 machining.25 The effect of the base fluid water and ethylene glycol mixture
to a prepared hybrid nanocoolant was investigated in their experiment. The hybrid nanocoo-
lant consisted of 80:20 of volume concentration up to 0.1%. The particle size of TiO2 was close
to 20 nm and heterogeneous ZnO with a range of 10e30 nm was used for machining process.
Their research finding suggests that a hybrid nanocoolant using a minimum quantity lubri-
cation is a suitable alternative for an economically and environmentally compatible produc-
tion. They also concluded that the cutting parameters and the hybrid nanocoolant play a
crucial role in determining surface roughness, material removal rate, and tool wear. The
nanoparticle application in some of the green technologies such as MQL (Minimum Quantity
Lubricant) and MQCL(Minimum Quantity cooling lubricant) using vegetable oils proves su-
perior cooling and lubricating properties and also minimizes the use of cutting fluids. It has
also been reported to create new solutions for machining, especially for difficult-to-cut mate-
rials.26 There different nanoparticles, such as Al2O3, MoS2, SiO2, ZrO2, CuO, TiO2, and CNT,
are shown to improve the tribological property, thermal conductivity, and viscosity.27 Lee
Gong28 and coworkers have performed turning machining operations on nickel alloys using
graphene nanofluids. They have stressed the difficulty in machining operations with a nickel
alloy Inconel 18. Nickel-alloys are classified as difficult to machine metals due to their low
thermal conductivity and strength even at high temperatures. The surface complexity and
intricate shapes is crucial for these alloys since they are used in aerospace and petroleum in-
dustries. Nanofluids serve the purpose of cutting fluids for obtaining intricate shape and
maintaining dimensional tolerance to a minimum. In this context, Lee Gong group28
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evaluates the feasibility of sustainable turning of the Inconel 718 alloy using the MQL strat-
egy with graphene nanofluids. Nanofluids were prepared with vegetable oil as base fluid and
graphene plates of 5 and 10 mm range. Their results showed that the nanofluid with the
lowest size of graphene nanoplatelets promoted the best surface quality Their findings indi-
cate that the nanoparticles inclusion and efficiency as additives in a machining operation de-
pends on their size, which can influence their thermo-physical characteristics.

3.4 Nanofluids for improving natural gas storage

Natural gas is a fuel source consisting primarily of methane. It is a mixture of gasses rich in
hydrocarbons. It is often found associated with other fossil fuels in coal beds. It can also be
naturally created in a biological process. The risk of natural gas is it is highly combustible, but
offers the advantage that when effectively burned, gives a tremendous amount of energy. In
comparison with other fossil fuels, it burns cleanly and emits low levels of potentially harm-
ful waste and by-products into the air. Natural gas exists in reservoirs beneath the earth’s sur-
face. It usually exists in large volumes in the vicinity of oil deposits. Natural gas can be stored
for an indefinite period of time. The purpose of storing natural gas is twofold. One is meeting
base load requirements (seasonal requirements), and other is meeting peak load requirements
(unexpected requirements). There are three main types of underground natural gas storage
facilities, that is, depleted reservoirs, aquifers, and salt caverns. As a basic principle, any un-
derground storage facility is altered before injection, to create a type of storage vessel under-
ground. Natural gas is injected into the formation which builds up pressure. The pressure
increases with addition of natural gas. With increasing pressure, the gas may be easily
extracted when required. If the built in pressure drops to below a critical level, there is no
pressure difference because of which gas cannot be pushed out. Thus in any underground
storage facility, there is a certain amount of gas that may never be extracted which is called
as physically unrecoverable gas. Burning natural gas can release an appreciable amount of
carbon dioxide which can lead to air and water pollution. Natural gas can be stored and
transmitted as compressed natural gas (CNG), liquefied natural gas, and solidified natural
gas (SNG). Storing and transporting natural gas as clathrate hydrates is referred as SNG. It
is going to be a promising alternative due to several advantages that are given below as elab-
orated by H.P. Velusamy in the first review in SNG storage.29 Since SNG is based on Clath-
rate hydrate formation process, it is environmentally friendly and nontoxic because it uses
water. The methane is stored in its respective molecular form which gives complete recovery
or utilization. The major advantage being that it requires moderate temperature and pressure
conditions during formation and storage. It is also highly compact mode of storage with rela-
tively high energy density, and it is also an extremely safe mode of storage due to its nonex-
plosive nature. H.P Velusamy29 and coworkers also suggest in their review that SNG
technology is well suited for stationary applications handling lower volumes of methane (nat-
ural gas). A promising option will be to employ the SNG technology for storing and trans-
porting methane produced from biomass gasification plant. Improvement in the kinetics of
gas hydrate formation is essential for the further development of this novel technology as
suggested by Yi Yu Lu30 and coworkers. Graphite nanofluids were used for enhancing the
methane hydrate formation. Their experiments were conducted in a stirred tank reactor at
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277 K and 6.0 MPa. They studied the methane hydrate nucleation and growth in graphite
nanofluids using microscopy techniques. Their results indicate that the gas storage capacity
obtained in graphite nanofluids increased by 3% in comparison to base fluid water. They also
observed reduction in induction time close to 90% and the total time for hydrate formation
was decreased two-thirds. They probed the effect of graphite nanoparticles concentrations
such as 0.2, 0.5, and 1.0 wt% and found that the concentration of 0.5 wt% is optimal for
the enhancement of methane hydrate formation. They also reported that gas storage capacity
obtained for the 0.5 wt% graphite nanofluids was higher than that obtained in other nano-
fluids such as the iron oxide and zinc oxide nanofluids. Hence, graphite nanofluids have
proven an effective approach to enhance hydrate formation for SNG storage by Yi Yu Lu
and coworkers.30

3.5 Nanofluid for solar energy harvesting applications

It is well known fact that sun in an unlimited renewable energy that can support mankind
and is the best alternative source to fossil fuel. Only 50% of the suns energy reach the earth
and effective collection, storage, and utilization of the energy could solve all the human de-
mands. The biggest advantage of solar energy is its renewable nature and green energy.
However it suffers from the drawback of collecting adequate energy during seasonal
changes. In this aspect, the storage of solar energy may play a crucial role. Solar energy tech-
nologies have been classified as photovoltaic technology and solar thermal technology. In
photovoltaic technology, the sun light falling on panel generates electricity. The photons
from solar radiation strike the semiconductor panel to generate electrons and give electricity.
This is usually observed on roof tops but can be installed on open area grounds or walls. The
extent of panel and the orientation of panel type of panel(static or dynamic) can have effect on
the electricity generated. Photovoltaic technology can be considered as a great success in res-
idential domains across the globe. Solar thermal technology deals with collection of solar en-
ergy through reflectors and focuses the collected sunlight on the receivers, where sun light is
converted to heat. The heat is used to drive an engine or perform specific task. Solar energy is
used for solar cookers, solar lightning systems, solar energy-based vehicles, etc. The impor-
tance of solar energy technologies for development of rural areas in India is reported by
A. Renuka Prasad and coworkers.31 In rural areas, solar energy can be used for water heating,
solar distillation, solar lightning, solar drying, solar cooking, and in design of energy efficient
buildings, and solar photovoltaics-based pump sets for irrigation. Solar energy can also be
used for constructing solar ponds which can aid the salt production, water desalination
and aqua culture. Solar energy has also aided the educational domain through the use of so-
lar calculators since 1970s.

The solar collector plays a crucial role in collecting solar energy. Solar collector is any ma-
terial which collects energy from sun and further focuses it to for water heating. The use of
solar collectors provides an alternative for domestic water heating with a water heater. The
advantage is it reduces energy costs over time. Also in a residential settings, many collectors
can be combined in an array, which is to generate electricity in solar thermal power plants.
Solar collectors are classified as low, medium, or high-temperature heat energy exchangers.
There are broadly two types of thermal solar collectors: concentrating and nonconcentrating.
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The exit in different geometries as Flat plate solar collectors, parabolic solar collectors, evac-
uated tube solar collectors, and direct absorption solar collectors (DASC). An in-depth review
of various solar collectors and their application is discussed by Younnes menni and co-
workers.32 J. Fan and coworkers33 discussed the efficiency and life time of solar collectors.
They reported that within a period of 5 years, from 2002 to 2007, the performance of solar
collector has been increased by 30%e80% for a mean solar collector fluid temperature of
40 to 100�C, respectively. The success was attributed due to improvement of the collector
design. Patric E Phelan and coworkers34 emphasized on direct absorption solar collectors,
in which incident sunlight is absorbed directly by a working fluid. In conventional solar ther-
mal collectors, the sunlight is absorbed by a receiver, which then transfers heat to the working
fluid. Patric E Phelan and coworkers34 proposed that DASC could be developed further, it
can expand the emerging opportunities including refrigeration. In DASC, nanofluids have
been proposed as working fluid due to their high thermal conductivity and minimization
of radiation losses. It is interesting to note that nanofluids are used in both the solar
technologies-Photovoltaics (PV) and solar thermal. In solar thermal, they are used a working
fluid for DASC and in solar PV they are used as a cooling medium.

Metal oxideewater base nanofluids are mainly used for PV cooling technologies because
of low cost and nontoxicity. The main advantage of nanofluid for these cooling technologies
involves high thermal conductivity and increased specific heat capacity. Karami and
Rahimi35 used Boehmite nanofluid for cooling polycrystalline cells. Cooling was done on
the back side of the module through cooling ducts of different shapes. It was shown that
small percentage of nanofluid in water enhances temperature difference of module surface.
Even for a small concentration of 0.1% wt. of Boehmite nanoparticles in water fluid, a
decrease in temperature in the range of 4.5�C was observed. Copper tubing with silica nano-
fluid36 was also used to cool down a polycrystalline PV module from back side. It was shown
that nanofluid with 3.0% wt. of silica nano particles enhances the efficiency by 1.5%. The
effective use of hybrid nanofluids in solar energy systems as working fluid has been very
gainful in terms of performance, mainly due to novel thermal transportation characteristics
of nanofluid. Hybrid nanofluids-based solar systems have shown great performance nearly
twice, as a result of good thermal and optical properties’ of nanofluid.

Enhancement in friction factor/pumping power of hybrid nanofluid-based solar systems is
one of the major concerns.37 Hybrid nanofluids have also been mainly investigated with
metal oxide nanofluids. After a detailed review on hybrid nanofluids, Tayyab Raza Shah
and Hafiz Ali37 have reported that the scope of hybrid nanofluids in practical systems is
limited because of stability issues and have recommended extensive investigation on combi-
nation of hybrid nanoparticles and base fluids. The heating-cooling cycles of hybrid nano-
fluids in a solar thermal system could cause nanoparticle to microparticle phase
transformation because of instability of nanoparticles.

The efficiency of DASC collectors is limited by the absorption properties of the working
fluid. It has been shown that mixing nanoparticles in a liquid to form a nanofluid can create
enhanced effect on the base liquid thermal conductivity. Nanoparticles also offer the advan-
tage of improving the radiative properties of liquids because of solid phase inclusions. The
enhanced thermal conductivity and radiative properties is responsible for the increase in
the efficiency of direct absorption solar collectors. Todd. P. Ottanicar38 and group have report
on the experimental results on direct absorption solar collectors based on nanofluids made
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from of nanoparticles like carbon nanotubes, graphite, and silver. They observed maximum
efficiency improvements of up to 5% in solar thermal collectors in their investigations.
Further they compared the experimental and numerical results and demonstrated an initial
rapid increase in efficiency with increasing volume fraction followed by a saturation limit.

Munzer S. Y. Ebaid39 and coworkers performed investigation on enhancement of PV cells
using two types of metal oxide nanofluids like Al2O3 and TiO2 with water as base fluid. They
communicated that controlling operating temperature of PV panels can enhance efficiency.
Temperature control was done with nanofluids. They reported that the overheating of a
PV module decreases the performance of the output power by 0.4%e0.5% per 1�C. To
achieve cooling, nanofluids could be considered as an effective method. In their study, two
types of nanofluids, namely, Al2O3 and TiO2/water base nanofluids of different volume
flow rates and three different concentrations of 0.01%, 0.05%, and 0.1% by weight were
used. Three PV panels were cooled simultaneously using nanofluids, water, and natural
air, respectively. Their results indicated that nanofluids for cooling enhanced heat transfer
rate much superior than water and air. They observed best results for TiO2 nanofluids at
0.1 wt.% concentration. Their results represent the first application of nanofluid cooling in
the turbulent flow regimes along with outdoor conditions including real solar irradiation.
The use of nanofluids in cooling PV panels is thus gaining momentum and can become an
ideal solution in near future.

K.Mallikarjuna and coauthors40 reviewed the use of nanocoating and nanofluids for solar
energy harvesting. Their paper critically reviewed and conveyed the up-to-date literature
available till 2020 for usage of nanofluids and nanocoating’s in solar energy harvesting oper-
ating in low, medium, and high temperature ranges for enhancement and effectiveness in
performance. They also reported that the nanofluids could improve the optical performance
of solar cells other than speeding up the process of heat transfer.

3.6 Nanofluids for carbon dioxide capture

Carbon dioxide is a harmful gas and well known that it can cause global warming. Carbon
Capture and Storage (CCS) has evolved as a technology where a maximum of 90% of the car-
bon dioxide (CO2) emitted is captured.It is known that carbon dioxide is produced from the
use of fossil fuels in electricity generation and industrial processes. Emission of carbon diox-
ide can enter the atmosphere and cause global warming. The process of carbon dioxide cap-
ture technology consists of capturing transporting and storing carbon dioxide in
underground. Carbon dioxide capture can be done by precombustion or postcombustion
techniques. Nanofluids can help the effective capture of carbon dioxide.

Cameron Hepburn and coworkers41 have review 10 pathways for the utilization of carbon
dioxide. They reported on pathways that involve chemicals, fuels, and microalgae which
might reduce emissions of carbon dioxide but also commented on its limited potential
removal, whereas they also dealt with pathways that involve construction materials which
can utilize and remove carbon dioxide. Land-based pathways could increase agricultural
output and remove carbon dioxide. Their assessment suggested that each pathway could
scale to over 0.5 gigatons of carbon dioxide utilization annually.

Recently, the absorption of carbon dioxide using nanofluids has attracted more attention
from scientists, engineers, and academicians. Basavaraj Devakki and Shijo Thomas42
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conducted absorption test of carbon dioxide in a custom designed high-pressure stainless
steel 316 L vessel, in which CO2 and nanofluid were in direct contact at static state. They
investigated TiO2 and Al2O3 water-based nanofluids with very small concentrations of
0.02e0.14wt.%. Their results show that relative absorption index of CO2 absorption has
increased to a maximum and then decreased with increase in nanoparticle concentration.
The aqueous-based TiO2, Al2O3 nanofluids were reported to be most effective at 0.1 and
0.14wt.%. The relative absorption index showed nearly 40% and 22% increase in CO2 absorp-
tion as compared to water. Experiments were also performed with salt water. Salt concentra-
tion can alter the nanoparticle interactions and interface interactions, thereby decreasing the
stability of nanofluid. Decreasing stability indicated a decrease in carbon dioxide absorption.
When the slat content was varied from 1% to 3% approximately, the carbon dioxide absorp-
tion rate decreases by almost 12%. These results again indicate that the success of nanofluid
technology largely relies on preparing stable nanofluids.

3.7 Role of nanofluids in safe surgery and sensing applications

The effective utilization of nanoparticles in healthcare industry can improve the life span of
humans. Nanotechnology can improve the diagnosis of the disease and also help in fast and
safe recovery. The applications of nanofluids in drug delivery, medical treatment, disease
diagnosis, antibacterial cases, wound dressing, and cryopreservation are discussed by Mojan
Sheikpour and coworkers.43 Magnetic fluid hyperthermia for cancer treatment, magnetic
fluid for anemia treatment, the antibacterial activity of metal oxide nanoparticles is also dis-
cussed. The authors have recommended that future work involves identifying new applica-
tions of nanofluids in biomedical and medical issues and testing different types of nanofluids
in drug delivery, treatment, and diagnosis.

Nanofluids are mainly being implemented for medical treatments like cancer therapy.
Nanofluids can be used to increase the heat generated or increase the heat transfer and
give cooling. Thus nanofluids help in medical treatments mainly in taking control over the
heat at localized or desired spots. Nanofluids have been used to produce high temperature
in a local region, which assist in killing cancerous cells without affecting the nearby normal
tissues. Nanofluids are useful in safer surgery because of their cooling properties. The success
of medical operation may increase due to use of nanofluids and it may also prevent organ
damage.

Magnetic nanoparticles are preferred for biomedical applications because they can tailor
the required magnetic force.

Nanofluids have also been used in design of optical sensors. These sensors have been used
for rapid visual inspection of defects in ferromagnetic materials. V. Mahendran and John Phi-
lip44 developed a sensor for studying internal defects in material based on polarizable nano-
emulsion through magnetic field variations. These sensors have advantages over existing flux
leakage sensors in terms of cost, reusability, and complexity. A.W Zaibudeen and John Phi-
lip45 have reported a magnetic nanofluid sensor for urea detection. The sensing technique is
simple nonenzymatic and inexpensive and based on large wavelength shift in visible range
for urea’s presence. They also reported the depandance of Bragg peak position on concentra-
tion of urea. The method offers rapid urea detection in small time intervals. For normal urea
level the sensor worked in linear range. The optical sensor developed could detect urea
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concentration of 0.001e100 g/L. A.W Zaibudeen and John Philip46 have also designed mag-
netic nanofluid-based optical sensors for detection of temperature and pH. Their sensing
technique is based on changes in conformation of adsorbed macro molecular groups followed
by change in optical properties of nanoemulsions induced through magnetic field. The tem-
perature measuring capability was between 5 and 90C and pH was in the range of 3e11.5.
The fast response time of approximately 1s, minimum cross interference due to other condi-
tion and low cost are attractive features of this sensor. John Philip, V. Mahendran, and Leona
G Felicia47 have reported a simple inexpensive ultrasensitive magnetic nanofluid-based
sensor for detection of cation, anion, and ammonia. Their sensor showed selectivity to a large
number of ions and was several times faster than the 3D crystal sensors. The sensor could
detect ions of sodium, potassium, copper, iron, lead cadmium, manganese, and nickel.
They also reported that nanofluid sensors could become an excellent tool for analytes recog-
nition. Besides the temperature, pH, cation, anion, ammonia, urea, and defects, John Philip
group at IGCAR also developed magnetic nanofluid-based glucose48 and methanol49 sensors.
The response time for methanol detection in aqueos solution was about 1 s, and the sensor
showed a linear variation from 0 to 5000 ppm. A Simple inexpensive laboratory scale
nanofluid-based optical sensing investigation is done by A.L. Subramaniyan50 and coworkers
to predict the stability of nanofluid. Water base TiO2 nanofluid was used as a medium for
optical sensing and semiconductor diode was used as the optical source. A photo detector
was used as sensing element. The sedimentation of prepared nanofluid was due to gravity
sedimentation and transmitted intensity of the nanofluid sample is recorded by a photo de-
tector. A profile between the transmitted intensity and distance of nanofluid from laser source
is obtained which can predict the stability of nanofluid.

4. Conclusion

Since the accidental discovery of nanofluids by S.U.S Choi in 1995, they were primarily
used as heat transfer fluids. The enormous increase in thermal conductivity of nanofluids
due to addition of small volume fraction of nanoparticles opened the gate way for nanofluids
in thermal management systems. The primary applications of nanofluid were focused on
enhanced heat transfer and design of cooling requirements in electronics. Over the past 20
years, the applications of nanofluid have drifted from cooling applications to various sectors
like oil recovery, renewable energy, carbon dioxide capture, and health care.

In addition to these, nanofluids are also finding applications in direct methanol fuel cell
membranes, inhibiting corrosion, energy efficient buildings, and enhancing battery life. The
applications of nanofluid technology continue to grow at a rapid pace from serving miniature
electronic goods to large and efficient buildings with economic solar based lightning systems.
The tremendous improvement in fabrication techniques of nanoparticles of desired shape and
size can further enhance the applications of nanofluids. The only hindrance to the ever
growing applications of nanofluids in all regimes can be due to stability issues. Hence, it
can be concluded that more attention has to be given by scientists, engineers, and academics
to develop stable nanofluids of any chemical composition, size, and volume fraction for the
complete success in emerging applications.
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1. Introduction

Multifunctional nanomaterials are of considerable interest in the field of energy applica-
tions such as energy generation, storage, saving, conversion, and transmission. Various en-
ergy applications need a specific combination of electrical, thermal, mechanical, optical,
and catalytic functions of materials. Several properties e.g., electrical conductivity, thermal
conductivity, large surface area, and chemical stability of the inorganic nanomaterials have
made them suitable for energy applications.1 Inorganic nanoparticles have also received
increased attention in the field of oncology. Huang et al.2 showed the successful use of semi-
conductor fluorescent quantum dots, carbon nanotubes, gold nanoparticles, iron oxide mag-
netic nanoparticles, and ceramic nanoparticles in photothermal therapy, imaging, tumor
targeting, and drug delivery applications. They also mentioned the limitations and toxicity
issues associated with inorganic nanoparticles in living organisms. Nanotechnology has the
potential to improve the early diagnosis, treatment, and monitoring of disease progression.
Recently, there is a new trend to use nanoparticles (NPs) as nanomedicine in cancer therapy.
The multifunctional nanoparticle can be effectively utilized for the diagnosis and treatment of
cancer.3 The structural characteristics of NPs make them excellent modes for targeting cancer
cells. They can potentially enter the abnormal cells causing DNA damage and determining
the defects in the genes. Apart from targeting cancer cells they also assist in the release
and monitoring of therapeutic agents against cancer.4

Additionally, progress has been made on cancer theranostic strategies using mesoporous
silica nanoparticles and carbon-based nanomaterials.5 Several studies have indicated the
beneficial effects of using these nanoparticles. However, detailed and long-term in vivo clin-
ical trials are essential. Nanobiomaterials have attracted tremendous attention in the biomed-
ical field.6 Three-dimensional (3D) nanofiber scaffolds have attracted attention in tissue
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regeneration. Moreover, many 3D scaffolds displayed bone and cartilage regeneration abili-
ties. Therefore, it is required to develop multifunctional 3D nanobiomaterials for obtaining
tumor therapy and tissue regeneration abilities.6 Nanomaterials-based sensors can be used
for checking environmental pollution owing to their excellent properties. Various nanomate-
rials such as carbon nanotubes, gold nanoparticles, silicon nanowires, and quantum dots
have been extensively explored in detecting and measuring toxic gases, toxic metal ions, pes-
ticides, and harmful industrial compounds with high sensitivity.7

The objective of this chapter was to present an overview of different kinds of inorganic
nanomaterials being utilized for suitable applications or having great prospects for future
generation utility. Although there are excellent review articles and book chapters in this field,
still the current chapter has been perceived to provide deep insight into the broad perspective
of inorganic materials for future use.

2. Present status

2.1 Nonmetallic inorganic nanomaterials

Silica has been used for dental applications because of its physical, and optical properties
and compatibility with composites. Engineered silica nanomaterials have superior physical
and mechanical properties, which make them suitable for dental applications. The specific
physicochemical properties of silica-based nanomaterials such as surface properties, mechan-
ical properties, and biocompatibility have enabled their application in potential biological ap-
plications.8 The phytotoxicity of nano-CeO2, nano-La2O3, nano-Gd2O3 and nano-Yb2O3 on
different plant species such as radish, rape, tomato, lettuce, wheat, cabbage, and cucumber
were investigated. Their effects on root growth varied significantly.9 Rare earth oxides ac-
count for 59% of the total worldwide consumption of rare earth elements in the market of
catalysts, glassmaking, and metallurgy while in high-growth markets (such as battery alloys,
ceramics, and permanent magnets) rare earth oxides account for 41% of the total worldwide
consumption of rare earth elements.10 Nanomaterials (NMs) can be utilized for a human
health problem. However, a detailed understanding of their intracellular behavior and
related toxic effects is urgently needed. Recently, ferroptosis has been found to be iron-
mediated cell death. There is no evidence for the effect of iron-free engineered NMs on fer-
roptosis. Zhang et al.11 showed that zinc oxide nanoparticles (ZnO NPs)-induced cell death
involves ferroptosis. They established ferroptosis as a novel cell death phenotype induced
by engineered NMs. Flowerlike a-Fe2O3 nanostructures were synthesized by microwave-
assisted solvothermal method.12 These flowerlike a-Fe2O3 nanostructures had a high surface
area with abundant hydroxyl groups on their surface and thereby, showed excellent adsorp-
tion properties as an adsorbent for arsenic and chromium removal. The results suggested that
ion exchange between surface hydroxyl groups and AsV or CrVI species was responsible for
the adsorption. Liang et al.13 prepared polymer-stabilized tetragonal ZrO2 nanopowders by
using microwave heating. They examined that the photoluminescence property of the synthe-
sized ZrO2 fine particles was quite good.

Malhotra et al.14 evaluated chronic ecotoxicities of magnetic nanoparticles (MNPs) expo-
sure on the brain of adult zebrafish. They studied the behavioral changes related to neuronal
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functions in contact with two different concentrations of MNPs, which revealed that MNPs at
environmental concentration caused a slight influence on behavioral and biochemical activ-
ities of the fish brain. This study showed some minor behavioral modifications owing to
exposure to highly concentrated, bare Fe3O4 MNPs and thereby, indicating the necessity of
more surface modification to increase its water solubility and biocompatibility in order to
decrease its biotoxicity.14 Yang et al.15 fabricated CaO-based ceramic mold for investment
casting by stereolithography (SLA) and nonaqueous gel casting technique using CaO-
based slurry. The resulting ceramic mold showed excellent thermal stability, reaction-
resistance to molten active alloys, and enhanced efficiency and economy than other ceramic
molds. Researchers have already carried out in-depth research on the interactions between
the TiO2-based materials and the cell wall of the microorganisms and reported elsewhere.16

Morphological examinations were made to detect the physical damage on the cell wall that
indicated the death of the microorganism. Thus, it was clear that the photocatalytic approach
was good for the effective inhibition of microorganisms.16

2.2 Metal based inorganic nanomaterials

The necessity of biocompatible materials for different applications has attracted more
attention to nanobiotechnology. Manganese (Mn) metal has numerous applications in the
area of medicine, biomedicine, biosensors, water treatment/purification, electronics, electro-
chemistry, photo electronics, and catalysis. Green synthesis of Mn NPs has been investigated
and reported elsewhere. Manganese oxides (Mn-oxides) in various forms such as MnO,
Mn5O8, Mn2O3, MnO2, and Mn3O4 can be used in a variety of fields. Mn-oxide NPs have
great potential for sustainable nanotechnology.17 Manganese-containing nanoparticles have
promising applications in the field of nanomedicine.18 However, it is true that more research
on Mn-based nanoparticles is needed to ensure their biosafety. Thus, comparative studies are
further necessary to assess the advantages of Mn-based nanoparticles. There is a great de-
mand for clean and sustainable energy sources due to the exhaustion of fossil fuels and envi-
ronmental pollution. In recent decades, platinum (Pt)-based fuel cells have achieved
tremendous advances as a green energy source. However, there is still a lack of energy pro-
duction efficiency. Conventional Pt electrocatalysts are usually inadequate in catalytic activ-
ity and the selectivity of electrochemical reactions. On the contrary, metal alloy nanocatalysts
exhibited exceptional electrocatalytic performance on fuel cells compared to that of pure Pt
catalysts. This was ascribed to the modification of the surface geometry and electronic struc-
ture of the catalytically active metal component.19 The metallic nanoparticles show worthy
antimicrobial activity against gram-positive bacterium bacillus subtilus. It has been found
that AgeCu bimetallic nano-particle shows high antimicrobial activity. Investigation in this
direction will help to prepare nano-medicines and targeted drug delivery. Nazeruddin
et al.20 have confirmed that AgeCu bimetallic NPs are capable of providing high antibacterial
efficiency. Henceforth, these NPs have great potential in the preparation of drugs against
bacteria.

Metal nanoparticles, bimetallic alloy nanoparticles, and composite materials made of metal
nanoparticles have a great prospect for future generation usage. Alloy metal nanoparticles
exhibit exciting optical responses. Surface-plasmon resonance frequencies of bimetallic alloy
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nanoparticles can be controlled precisely through the variation of alloy compositions. Re-
searchers showed that the photoluminescence intensity of semiconductors was increased or
decreased in the metal-semiconductor composite nanostructures depending upon the compo-
sitions and sizes of the nanomaterials. It was observed that metallic alloy nanoparticles
exhibited fine-tuning of optical responses over a broad wavelength range than pure metals.
Remarkable photoluminescence and chemical properties of metal-semiconductor nanocom-
posite materials were revealed by stimulating quasi-particle interactions among plasmons
and excitons.21 Tabassum et al.22 developed new functional materials with unique physical
and chemical properties through nano-confinement of metal-based nanostructures in one-
dimensional carbon nanotubes (M@CNTs) for various energy applications. They emphasized
the future prospects of M@CNTs for electrochemical energy conversion and storage devices.
Advanced nano-confinement methods have been invented for different functional nanopar-
ticles e.g., metals, metal oxides, metal sulfides, metal phosphides, metal carbides, etc. Partic-
ularly, the focus is being made on their catalytic activities and stabilities. Further, new
strategies are being thought to increase storage capacities of Zneair batteries, LieO2 batte-
ries, and lithium-ion batteries.22 Pulsed laser ablation method was found to be a promising
alternative for many conventional methods in synthesizing nanoparticles as this synthesis
route provides totally ligand-free nanoparticles.23 Binary and ternary alloy nanoparticles
with totally homogeneous elemental distribution could be fabricated by this method. More-
over, the composition of these nanoparticles was similar to bulk implant material. The model
AuAg was used to evaluate composition-related toxicological effects of alloy nanoparticles.
The feasible mechanism of toxicity was recognized as the release of Agþ ion considering
recent toxicological investigations with mammalian cells, gametes, and bacteria.23

The possibility to use metal-based nanoparticles in medicine and related field has been re-
ported by some researchers.24 The noble metal-based nanoparticles (Au NPs and Ag NPs)
showed great possibilities for improving the quality of radiation-based anticancer therapy,
using as drug delivery systems, supporting molecular imaging as well as forming com-
pounds with bactericidal, fungicidal, and antiviral properties. However, it is necessary to
overcome certain barriers to the biodegradability or porosity of some nanoparticles. More-
over, there is relatively little information about the toxicity and interaction of these nanopar-
ticles with living normal cells. Indeed, the development of nanotechnology has enabled
effective treatment and diagnosis of various diseases. However, the degradation and elimina-
tion of metal nanoparticles from the body have to be solved.24 Currently, there is a lack of
knowledge regarding nanoparticle immunotoxicity, biodistribution, and pharmacokinetics.25

The interaction of nanomaterials with the immune system is very motivating. The physico-
chemical properties of nanoparticles influence the immunological effects. Extensive studies
are needed to correlate the effects of physicochemical properties with the immune toxicity
of metal-based nanoparticles as well as the overall evaluation of nanodrug toxicity. Further,
a knowledge base should be developed on the physicochemical properties of nanoparticles
that controls the immune system. The materials science in association with immunology,
and immune bioengineering can help in developing prophylactic and therapeutic vaccine
applicants.25

It has been seen that antimicrobial textiles have gained considerable interest for use in
different application fields.26 Therefore, antimicrobial agents e.g., quaternary ammonium
compounds, heterocyclic compounds with anionic groups, triclosan, N-halamine siloxanes,
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polybiguanides, metal salts, and synthetic colorants have been used to impart antimicrobial
properties to different textile materials. However, most of these antimicrobial agents suffer
from several disadvantages along with low durability. They give rise to environmental
toxicity and act on nontarget microorganisms. To overcome these problems, silver nanopar-
ticles with long-term durability, strong cytotoxicity toward microorganisms, low toxicity to
human cells, high selectivity, increased dyeability and biocompatibility are drawing a
tremendous level of attention in both academic research and industry. Therefore, silver nano-
materials utilized for the production of textiles surfaces having certain enchanting properties
including antimicrobial activity, UV protection competency, water resistance property, and
self-cleaning ability. Recent studies have described the use of silver nanomaterials as novel
colorants and antimicrobial agents for different textile materials.27 Nanoparticles can pene-
trate into the human body through the skin, respiratory, and digestive systems.27 Silver nano-
particles tend to accumulate in various organs, especially in the liver, kidneys, and lungs.
Particularly, the presence of silver nanoparticles in the liver may be dangerous. The suspected
accumulation of silver nanoparticles in the lungs can also have negative effects, which are
likely to be noticeable in the future. Thus, further research on the toxicity of silver nanopar-
ticles in relation to living organisms is very much necessary. A suitable method of environ-
ment renaturalization is needed to avoid possible threats as silver nanoparticles have great
prospects for future generation.27

Additionally, there are some difficulties and challenges around the nanomaterials in com-
plex media.28 Hence, initially proper chemical separation and biological assays of nanomate-
rials from nanoproducts needs to be developed. A simple and rapid method to separate and
analyze gold nanomaterials in cosmetics was reported by Cao et al.28 Quantification of gold
by inductively coupled plasma mass spectrometry and thorough characterization of size dis-
tribution, morphology, and the surface property was conducted. Preliminary toxicity assess-
ment indicated that highly concentrated gold nanomaterials in cosmetic creams had no
visible toxicity to human keratinocytes even after 24 h exposure. They revealed that the
gold nanomaterials were mostly attached to the cell membrane.28 It is well-known that non-
noble metal catalysts mainly focus on tuning their surface functionality and increasing sur-
face area to exploit metal loading for high catalytic reduction of 4-nitrophenol. However,
the inefficient hydride is formed on the metal surface due to the passive role of these supports
that restricts the catalytic activity. Fe3O4@porous-conductive carbon (Fe3O4@C-A) core-shell
structure was utilized as active support for Co, Ni, Fe, and Mn nanoparticles. The significant
difference in catalytic activity was ascribed to the synergistic effect amid Fe3O4, conductive
carbon, and metal nanoparticles, which resulted in efficient hydride formation. It was
observed that active support with nonnoble metals assisted hydride formation, accelerating
the catalytic reduction of 4-nitrophenol.29

Bimetallic nanoparticles of noble metals are suitable for application in certain areas e.g.,
heterogeneous catalysis, imaging, biomedical devices, and nanomedicine. Loza et al.30

showed the applicability of nanoparticles e.g., Ag, Au, and platinum group metals than
the corresponding monometallic nanoparticles. The ratio of two metals, homogeneity, and in-
ternal distribution of the elements played a great role in the resultant properties (light absorp-
tion, antibacterial effects, and catalytic activity) in the case of bimetallic nanoparticle.30

Applications of copper nanoparticles are gradually increasing in account of cost-
effectiveness and availability of Cu nanoparticles.31 Although colloidal Cu NPs have
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considerably catalytic activity still synthesis of copper nanoparticles is very challenging due
to transformation of Cu nanoparticles to copper oxide in air. Extensive research carried out on
the synthesis of copper nanoparticles showed some promising methods such as microemul-
sion, microoven assisted decomposition, wet chemical, and thermal decomposition. The cop-
per nanoparticles showed possible biological applications for antimicrobial and wound
healing purposes.31

2.3 Carbon-based nanomaterials

Several functional properties of carbon-based nanomaterials (CBNs) such as thermal and
electrical conductivity, high mechanical strength, and optical properties are being used for
various industrial applications that utilize electronics along with high-strength materials.
These unique properties of CBNs are also being thought of used in several areas of biomed-
ical engineering.32 New technologies based on carbon-based nanomaterials enable the iden-
tification and tackling of environmental challenges. Contributions of carbon-based
nanomaterials to a broad range of environmental applications such as antimicrobial agents,
environmental sensors, sorbents, high-flux membranes, depth filters, renewable energy tech-
nologies, and pollution prevention strategies have been already reported.33 The bacterial
resistance to currently available antibiotics shows the urgent need for new alternative anti-
bacterial agents. Nanomaterials can be used as antibacterial agents for the management of in-
fectious diseases. Among these antibacterial nanomaterials, CBNs have appealed much
consideration due to their unique physicochemical properties and relatively higher biosafety.
The inhibition of bacterial metabolism, photothermal effect, photocatalytic effect, physical
damage, mechanical damage, oxidative stress, lipid extraction, and isolation by wrapping
have been studied. The synergistic effect of using CNMs with other antibacterial materials
as well as the effects of the physicochemical properties of CNMs on antibacterial activity
has been also investigated by researchers and reported elsewhere.34 Carbon-based nanoma-
terials are being widely used either in the chemical industry catalysts/catalyst supports or in
the energy/environmental applications because of their high surface areas, tunable porosity,
and functionalization. Recently, the newly developing metal-organic frameworks (MOFs)
made from metal ions and polyfunctional organic ligands have shown promising precursors
for preparing various carbon-based nanomaterials. This may be attributed to their high BET
surface areas, large pore volumes, abundant metal/organic species, and rare tunability of
compositions and structures. MOF-derived carbon-based nanomaterials have great advan-
tages in terms of controlled morphologies, graded porosity, and easy functionalization
with other heteroatoms and metal/metal oxides as compared to other carbon-based catalysts.
Hence, these nanomaterials can be used as highly efficient catalysts or as catalyst supports for
numerous significant reactions.35

Extensive research is being conducted regarding the application of various carbon nano-
materials (CNMs) such as graphene, graphene oxide (GO), reduced graphene oxide (rGO),
carbon nanotubes (CNTs), activated carbon fiber and expanded graphite (EG) or functional-
ized CNMs including functionalized graphene and C60-fullerene in energetic materials
(EMs).36 Although EG had only been used in chemical heat pumps still it has other applica-
tions as an additive in nanothermites and flame retardant additive in cladding materials for
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solid propellant charges. C60-fullerene can be functionalized with energetic groups to form
energetic compounds with excellent thermal stability. However, the variety of energetic com-
pounds used for C60-fullerene functionalization is yet limited. C60-fullerene derivatives can
either be used as combustion catalysts, energetic binders, or additives. Generally, graphene
and its aerogels combined with either catalysts or oxidizers can be used as advanced oxi-
dizers and combustion catalysts. GO and rGO have been found to be energetic by themselves.
These CNMs are used as matrices to bind many other energetic compounds (e.g., nitrocellu-
lose (NC), HMX, and FOX-7). Various energetic compounds can be deposited on GO or rGO
for improving their performance. Functionalized CNTs have been developed as combustion
catalysts or energetic additives to propellants like C60-fullerene. Some of these nanomaterials
have been also used in new formulations of thermites and ignitors. A variety of synthetic
techniques such as chemical vapor deposition (CVD), hydrothermal, microemulsion, reduc-
tive deposition, ultrasonic compositing, and chemical reaction methods have been used to
prepare CNM-containing EMs. The combination of CNTs with highly sensitive EMs has
improved the sensitivity and performance of these EMs. Detonation nanodiamonds (DnDs)
are gaining popularity, yet their application in EMs is limited. Recently, researchers are tak-
ing great challenges to functionalize DnDs with energetic or other functional groups.36

2.4 Nanopolymers and dendrimers

The unique physicochemical properties of polymeric nanomaterials (nanoscale size, high
reactivity, large surface area to mass ratio) customize them in many application fields. Poly-
meric nanomaterials are specifically engineered materials. Thus, their use in nanomedicine
has greatly changed the therapeutic and diagnostic modalities.37 Conducting polymers
(CPs) have been widely applied in various organic devices.38 CPs have to be nanostructured
in order to improve their performance. Electrosynthesis is an effective and one-step approach
to synthesizing CP nanomaterials. The properties of the resulting materials can be controlled
easily. Li et al.38 synthesized CP nanostructures and nanocomposites by electrochemical poly-
merization for their probable applications in organic devices such as sensors, actuators, and
memory devices. Most of the newly developed drugs fail to achieve adequate bioavailability
in the brain due to low water solubility and low permeability.39 Drug delivery systems are
required to aid the access of molecules to the selected location within the body. Dendrimers
are customizable nanopolymers with uniform, well-defined particle sizes, and shapes. Den-
drimers are of renowned interest for biomedical applications because of their ability to cross
cell membranes. This potential pharmaceutical delivery system can cross the blood-brain bar-
rier (BBB) and other important target points. Beg et al.39 mentioned that the high level of con-
trol over the dendritic design (size, branching density, surface functionality) makes
dendrimers perfect carriers in the field of brain drug delivery of anticancer, antiinflammatory,
and antimicrobial agents. Dendrimers such as poly(propylene imine) (PPI), polyether-
copolyester (PEPE), poly(amidoamine) (PAMAM), Glyco, PEGylated, peptide, and pH den-
drimers carry the drug molecules either by means of physical interactions or by chemical
bonding. The pH-sensitive dendrimers are able to deliver drug molecules at the tumor site
through modification of ionic exchange in the brain microenvironment.39 Fu et al.40 studied
cholesterol (Chol)-modified dendrimer system for targeted chemotherapy of folate (FA)
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receptor-expressing cancer cells. The synthesized dendrimers were used to arrest 10-
hydroxycamptothecin (HCP), which was a hydrophobic anticancer drug. They assumed
that Chol-modified dendrimers might be adopted as a promising carrier for application in
targeted cancer therapy.40

2.5 Quantum dots

The development of two-dimensional (2D) inorganic materials-based quantum dots (QDs)
is still in its early stages but attracted attention due to their high chemical stability, excellent
optical property, good aqueous dispersibility, good biocompatibility, and easy functionaliza-
tion.41 There are several 2D-QDs based on graphene, silicene, phosphorene, carbides, nitrides,
transition metal oxides, transition metal dichalcogenide and MXenes, which have a possible
application in bioimaging, fluorescent sensing, optoelectronics, and cancer therapy. Further
studies are needed for 2D-QDs to meet their increasing demands in diverse applications.
Cadmium telluride quantum dots (CdTe QDs) are used as near-infrared probes in biologic
and medical applications.42 However, their cytological effects and mechanism of potential
toxicity are not been properly understood up to now. Fan et al.42 evaluated the toxicity of
cadmium telluride (CdTe) QDs of different sizes and investigated their mechanism of toxicity
in the yeast Saccharomyces cerevisiae. Further studies on toxicity mechanisms revealed that
orange-emitting CdTe (OeCdTe QDs) could partially inhibit autophagy at a late stage, which
varied from the results obtained in the case of mammalian cells. Moreover, autophagy
inhibited at a late stage by O-CdTe QDs could be partially recovered by enhancing auto-
phagy with the aid of an autophagy activator (rapamycin) in combination with increasing
living cells. These results indicated that inhibition of autophagy acted as a toxicity mechanism
of CdTe QDs in Saccharomyces cerevisiae.42 Therefore, the present work demonstrates an inno-
vative toxicity mechanism of CdTe QDs in yeast and provides valuable information on the
effect of CdTe QDs on living cells.

Recent advancement in the chemistry of colloidal semiconductor nanocrystal doping has
led to an effort to dope CdSe quantum dots with Mn2þ. Beaulac et al.43 synthesized Mn2þ

doped CdSe and evaluated the physical properties of this material that included excitonic
magnetic polaron formation, spin-polarizable excitonic photoluminescence, magnetic circular
dichroism, and exciton storage. The physical properties of the colloidal quantum dots were
shown to compare suitably with those of the similar self-assembled Mn2þ-doped quantum
dots developed by molecular beam epitaxy. However, attractive physical properties dis-
played by colloidal Mn2þ-doped CdSe quantum dots suggested that the material can be effec-
tively utilized for future fundamental and applied research.43 Lead halide perovskite
quantum dots (QDs) are very promising for lighting and display applications because of their
color-tunable and narrow-band emissions. But, they suffer from lead toxicity and instability.
Although lead-free Sn-based and Bi-based perovskite QDs are previously described, they all
show low photoluminescence quantum yield (PLQY) and poor stability. Leng et al.44 synthe-
sized Cs3Bi2Br9 perovskite QDs with high PLQY and excellent stability. As-synthesized
Cs3Bi2Br9 QDs showed a blue emission at 410 nm with a PLQY up to 19.4%. The whole series
of Cs3Bi2X9 (X ¼ Cl, Br, and I) QDs by mixing precursors can cover the photoluminescence
emission range from 393 to 545 nm. Furthermore, Cs3Bi2Br9 QDs show excellent
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photostability and moisture stability due to the all-inorganic nature and the surface passiv-
ation by bismuth oxybromide (BiOBr). Thus, the one-pot synthesis of Cs3Bi2Br9 QD/silica
composite was possible. A lead-free perovskite white light-emitting diode was fabricated
by combining the composite of Cs3Bi2Br9 QD/silica with Y3Al5O12 phosphor. Cs3Bi2Br9
QDs exposed a new direction for the fabrication of optoelectronic devices as lead-free perov-
skite QDs owing to their excellent stability and photophysical characteristics.44

An effective method to improve reliability and decrease the price of perovskite solar cells
(PSCs) is the utilization of an inorganic hole-transport layer (HTL). However, the preparation
of high-quality inorganic HTL films is really a problem. Liu et al.45 proposed a modest surface
modification approach for the preparation of stable, hydrophobic cuprous oxide (Cu2O)
quantum dots as top hole-transport materials for efficient PSCs. The efficiency of PSCs
with surface-modified Cu2O was significantly higher than that of PSCs with unmodified
Cu2O. The performance of PSCs was improved due to the superior film properties obtained
by surface modification. Cu2O-based PSCs displayed better stability than other PSCs due to
dopant-free technology and hydrophobic surface.45 The size-dependent optical properties of
quantum dots (QDs) are frequently exploited for use in medical imaging and labeling appli-
cations. Cadmium telluride quantum dots (3.2 nm) were shown to have an intense anticoag-
ulant effect focused around the intrinsic coagulation pathway than their 3.6 nm counterparts.
Several clinical diagnostic tests were carried out over a concentration range of the QDs, which
demonstrated that the 3.2 nm QDs stimulated their response on the intrinsic pathway. But, it
was found that the activity of the individual intrinsic coagulation factors was not affected. In
addition, it was established that the mechanism was strongly influenced by the concentration
of calcium ions and not cadmium ions trickled from the QDs. Static and shear-based primary
hemostasis assays were also carried out that revealed profound anticoagulant effects inde-
pendent of platelets and phospholipids. Maguire et al.46 carried out a study on the anticoag-
ulant properties of cadmium telluride quantum dots. Their investigation suggested that the
physical-chemical properties of the QDs might have an influence in hemostasis and coagula-
tion.46 However, the mechanism has not been fully understood. In vivo testing of similar QDs
is essential in respect of safety before their actual application as diagnostic tools.

2.6 Composite inorganic nanomaterials

Separators are needed to improve the performance of lithium-ion batteries. Commercial
lithium-ion battery separators are mainly polyolefin organic diaphragms, but their tempera-
ture instability leads to battery short circuits and fire risk. Xu et al.47 utilized an electrospin-
ning method to prepare a flexible SiO2 nanofiber membrane combined with a poly(vinylidene
fluoride-hexafluoropropylene) (PVDF-HFP) nanofiber membrane. The mechanical strength of
the SiO2/PVDF-HFP composite nanofiber membrane (SPF) was significantly high with full
dimensional stability at 200�C. SPF demonstrated high porosity, outstanding thermal stability
as well as large-area closed cells at 180�C during actual use in lithium-ion battery separators
than polyethylene (PE) separators. The liquid absorption rate of SPF was much higher than a
PE separator. Furthermore, the performance of lithium-ion batteries prepared by SPF has
made SPF an ultimate choice for high-power battery separators.47 A composite material con-
sisting of Sm, Ag, and TiO2 inorganic nanomaterials was synthesized by Wu et al.48 using
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supercritical fluid drying (SCFD) combined with sol-gel techniques. Sm/Ag/TiO2 showed
optimal properties at 600�C. It was observed that the inorganic composite nanomaterials
Sm/Ag/TiO2 had high-temperature resistance, and good photocatalytic and antibacterial
characteristics in visible light. Recently, interest has grown among researchers to apply
various materials for the treatment of bone-related diseases and syndromes by using biode-
gradable polymer-ceramic composites.49 Biomaterials used to repair or replace damaged
parts of the human body are mainly metals, ceramics, and polymers. Composites can be man-
ufactured by combining two or more materials to achieve enhanced biocompatibility and
biomechanical properties for specific applications. Metals and their alloys such as titanium,
stainless steel, and cobalt-based alloys have been widely investigated for implant-device ap-
plications because of their excellent mechanical properties. However, these materials have
certain drawbacks e.g., toxicity, poor tissue adhesion, and stress shielding effect due to their
high elastic modulus. Thus, hydroxyapatite (HA) coatings have been applied on metals as
their chemical composition is comparable to that of bone and teeth. Recently, a wide range
of synthetic polymers has been studied for different biomedical applications on account of
their promising biocompatibility and biodegradability. There is an enormous prospect of syn-
thetic polymer-ceramic composites (e.g., PLLA/HA and PCL/HA) for eradicating the stress
shielding effect and thereby, resulting in revision surgery.49

Atif et al.50 investigated the structures, morphologies, phototoxicities, and antibacterial ac-
tivities of undoped and Mn-doped ceria nanocomposite materials. They found that the
undoped nanocomposites had lower cytotoxicities and inhibitions than those of the doped
nanocomposites toward pathogens. The manganese-doped ceria nanocomposite enhanced
the antibacterial activity and effectiveness for photodynamic therapy. This was attributed to
the connection of the extreme reactive oxygen species generation for targeted toxicity and su-
preme antioxidant property in the inhibition of bacteria growth. It was assumed that the opti-
mized cell viability dosage and doping concentration would be utilized for treating cancer and
bacterial infections.50 Nanocellulose obtained from natural renewable resources is very useful
for different applications due to its superb mechanical strength, morphological features,
biocompatibility, and biodegradability. Their high specific surface area, template structure,
and active surface groups cause surface modification and accommodate various nanostruc-
tured materials by physical deposition and chemical deposition. Zhang et al.51 showed various
procedures for loading different nano-structured materials such as metals, nanocarbons, ox-
ides, mineral salt, quantum dots, and nonmetallic elements into nanocellulose. The nanocellu-
lose composites can be used in the fields of catalysis, optical-electronic devices, biomedicine,
sensors, composite reinforcement, photoswitching, flame retardancy, and oil/water separa-
tion.51 Ionescu et al.52 prepared polymer-derived ceramic nanocomposites based silicon oxycar-
bide-based materials (SiOC) and ZrO2 by two synthetic approaches. Annealing experiments
were performed in the temperature range of 1300�e1600�C. They perceived that the inclusion
of ZrO2 into the SiOC matrix increased the thermal stability of the composites. Therefore, the
experimental results indicated the vast potential of polymer-derived SiOC/ZrO2 composites
for high-temperature applications.52

A high-efficient catalyst is needed for the catalytic oxidation of volatile organic compounds
(VOCs). MnO2 nanoparticles encapsulated in spheres of CeeMn solid solution are an efficient
catalyst for the catalytic oxidation of a typical VOC, toluene.53 It was observed that the said
composite catalyst had much better toluene oxidation activity than the original MnO2 and

12. Promising inorganic nanomaterials for future generation256

II. Industrial applications of nanomaterials



CeO2. In addition to this, the shell of the CeeMn solid solution provided superior thermal sta-
bility and resistance against 5 vol. % H2O. The resultant composite offered high BET surface
area, good reducibility, and fast oxygen mobility leading to outstanding catalytic perfor-
mance.53 Great demand exists for functional composite materials with desired properties in
a variety of applications. The formation of homogenous composite material by conventional
mixing methods is problematic because of agglomeration. The research was carried out to
form homogeneous poly(methylmethacrylate) (PMMA)-indium tin oxide (ITO) composite by
electrostatic assembly method. The consequential composite showed high visible light trans-
parency and tremendous shielding effect of infrared (IR). Hence, this PMMA-ITO composite
has good potential to be used in the automobile industry. The IR shielding rate could be tuned
by controlling the amount of ITO nanoparticles.54 Some researchers synthesized Aucore-Coshell
nanoparticles by wet chemical method and subsequently characterized.55 They demonstrated
significant improvement in coercivity of Aucore-Coshell nanoparticles at 10 K compared to the
pure cobalt sample. This happened due to the pinning effect of cobalt spins at the Au/Co inter-
face. They suggested that the pinning mechanisms were strain pinning and demagnetizing
field pinning.55 Study has been already made on the synthesis of TiO2 composite nanomaterials
for various applications.56 Usually, composite materials have been fabricated by adding metal,
metal oxide, and metal sulfide with TiO2 in the form of either layered or core-shell structures.
The said composites can be prepared by various methods such as chemical synthesis, solution/
gas-phase deposition, and templated fabrication.56

2.7 Recent developments

Printed electronics are widely being used in the field of the manufacturing industry for
electronic devices. Researchers worked on the inorganic nanomaterials, which can be
involved in PE applications e.g., inorganic nanomaterials-based inks for preparation of
printed conductive patterns, electrodes, sensors, thin film transistors (TFTs), and other mi-
cro/nanoscale devices.57 Inorganic NMs have been proven to induce autophagy perturbation
in cells. There is a great role of inorganic NMs in modulating autophagy. Guo et al.58 studied
the potential mechanisms for NMs-induced autophagy perturbation and the effect of auto-
phagy perturbation in resolving the destiny of the cells. They also detected the probable roles
of inorganic NMs-modulated autophagy for the diagnosis and treatment of various diseases.
Inorganic nanomaterials are suitable for advanced theranostics to attain stimuli-responsive
drug release as well as synergetic, combinatory, and multimodality therapies. NMs-
induced autophagy is a potential mechanism of nanotoxicity. But, it may be a cellular defen-
sive mechanism against nanotoxicity. Furthermore, both autophagy inhibition and activation
have been reported as powerful anticancer therapeutic strategies. Autophagy helps in cancer
therapy either by hindering cell transformation, enabling existence under severe conditions,
and chemotherapy.58 Inorganic complexes and metal-based nanomaterials enable infectious
disease detection in low-resource settings. Markwalter et al. [59] showed the role of inorganic
biomarkers and their advantageous properties for infectious disease detection. The metal-
based technologies were employed for sample preparation and biomarker isolation from
sample matrices. They showed that the inorganic nanomaterial-based probes were exploited
for signal generation.59
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The tuning of the morphology of inorganic materials grown by rapid precipitation during
their crystallization from one to three-dimensional (1D to 3D) structures was done by Lai
et al.60 without ant capping agents or templates. The balance between the electrolytic disso-
ciation (a) of the reactants and the supersaturation (S) of the solutions was made to control
the morphology. They prepared metal oxides, hydroxides, carbonates, molybdates, oxalates,
phosphates, fluorides, and iodate by using this method with varied morphologies.60 Balasu-
bramanian et al.61 synthesized various nano-biomaterials and characterized. According to
them nanostructured ceramics, cement, and coatings are suitable for orthopedic, dental,
and other medical applications. Novel biocompatible ceramic materials with improved
biomedical functions are the materials, which would be used for future generation health-
related applications. Promising ceramic nanomaterials for biomedical applications are trical-
cium phosphate (TCP), calcium phosphate (CaP), hydroxy-apatite (HAP), TCP þ HAP, Si
substituted HAP, calcium sulfate and carbonate, bioactive glasses, bioactive glass-ceramics,
titania-based ceramics, alumina ceramics, zirconia ceramics and ceramic polymer compos-
ites.61 Ghosh et al.62 prepared and characterized micron sized fluorapatite based bioactive
glass-ceramic material for biomedical applications. The studied glass-ceramics had good
bioactivity as evidenced by SEM-EDX and chemical analysis, which showed a reaction of
the glass-ceramic specimen with the SBF solution and the formation of an apatite layer on
its surface.62 Ghosh et al.63 also prepared bioactive glass-ceramic coatings of varied micro-
structure and properties by suitable adjustments of the crystallization parameters for suitable
application on biocompatible titanium alloys. The mechanical properties such as microhard-
ness and scratch resistance were affected significantly by the crystallization parameters. It
was observed that fluroapatite based glass-ceramic coating showed good bioactivity and
thereby, indicating its possible to use in-vivo applications onto the Ti-based biomedical im-
plants.63 Similar glass-ceramics were applied onto Ti6Al4V substrates by microwave process-
ing and conventional processing techniques by Ghosh et al.64 Microwave processed coating
showed enhanced bioactivity compared to conventional ones. Based on their research work it
is expected that promising results may be achieved by using the same glass ceramics on a
nano-scale.

Some researchers described new nanotechnology-based methods to deliver DNA and
small interfering RNAs into biological systems. Nanotechnology has helped to use novel
DNA and RNA delivery systems for gene therapy, which can be used instead of viral vectors.
The nonviral vectors can be made of inorganic nanoparticles, liposomes, carbon nanotubes,
protein/peptide-based nanoparticles, and nanosized polymeric materials. The advantages
of nonviral vectors were identified to be diminished immunity. Furthermore, flexible design
permits them to be functionalized and targeted to specific sites in a biological system with
low cytotoxicity.65 Currently, nanotechnology is being used for drug delivery in many areas
of medicine. Various nanoparticle platforms are under various stages of preclinical and clin-
ical development including various liposomes, polymeric micelles, dendrimers, quantum
dots, gold nanoparticles, and ceramic nanoparticles. Multifunctional nanoparticles are
capable of targeting, imaging, and therapy. However, potential ethical issues need antici-
pated solutions. The recently approved nanoparticle systems have improved the therapeutic
index of drugs either by reducing drug toxicity or by enhancing drug efficacy. Future
research efforts need to be directed toward finding new methods for nanotoxicology, recog-
nition of biological effects of nanoparticles in the environment, and creation of the bases of
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nanobiomonitoring.66 Wang et al.67 made pattern technologically important materials
directly by using DUV light, 365 nm i-line UV light, 405 nm h-line blue light, and 450 nm
visible light. These approaches could be used to further improve direct optical lithography
of functional inorganic nanomaterials (DOLFIN) and direct electron-beam lithography of
functional inorganic nanomaterials (DELFIN) methods, which would be utilized as an alter-
native to traditional photopolymer lithography. Therefore, this study helps in the enhance-
ment of nanomanufacturing abilities.67 Ceramic nanomaterials have immense potential in
terms of their low density, hardness, corrosion resistance, and high-temperature resistance
properties.68 It has been seen that ceramic nanomaterials have great prospect in high-
temperature applications. Several technologies have been developed for enhancing high-
temperature properties of a metal substrate, and more specifically, improving the oxidation
resistance. Indeed, there is no doubt that ceramic coatings are an excellent option for
enhancing the high-temperature properties of metallic substrates as having been used in com-
bustion elements, hot gas path components, and even for tip nozzles inside automotive en-
gines. However, the fabrication of homogenous, uniform, dense and crack-free coatings is
very much challenging and possible only with established and standardized manufacturing
process.68

Magnetic nanoparticles (MNPs) have been widely studied by researchers for their poten-
tial applications in nanomedicine. Apart from this, MNPs are being used for different appli-
cations e.g., magnetic imaging, magnetic biosensing, magnetic separation, drug delivery,
gene delivery, and hyperthermia therapy. Wu et al.69 reviewed some emerging techniques
in magnetic diagnostics such as magneto-resistive (MR), micro-Hall (mHall) biosensors, mag-
netic particle spectroscopy, magnetic relaxation switching, and surface-enhanced Raman
spectroscopy (SERS)-based bioassays. Recently, MNPs are also used as contrast agents in
magnetic resonance imaging and as tracer materials in magnetic particle imaging.69

Currently, biosensors are being fabricated by using electrochemical methods. High-
sensitivity sensors have been developed using nanomaterials for the bio-detection of pro-
teins.70 The sensors worked on the basis of the interaction of biomaterials with the type of
nanostructures. It has been established that one-dimensional (1-D) structures such as nano-
wires, nanotubes, and nanorods have a high potential for bio-applications. Polymers, carbon,
and zinc oxide have been widely used for the fabrication of nanostructures due to their high
sensitivity, biocompatibility as well as ease of preparation.70 Lee et al.71 proposed a novel ma-
terial for simple and fast detection of pesticide residue on fruits or vegetables. Gold
nanoparticle-coated ZrO2-nanofiber surface has been proven to be SERS-active for trace
detection of pesticide residue. Further, Au NPs/ZrO2 NFs can be made on a large surface
area and are thus promising for flexible and extensible applications.71 ZrO2 films were
in situ prepared using the anodic passivation of a ZrB2 ceramic in alkaline solutions. The
film obtained was found to significantly improve the corrosion resistance of ZrB2 Ceramics
when dissolved in an 8M NaOH solution. When the film was put in a 0.1 M H2C2O4 solution
the corrosion resistance was improved by almost one order of magnitude compared with the
bare ceramics.72 Nanotechnology has established itself as a key supporting technology for a
wide range of applications, thus becoming very important among the industrial sectors e.g.,
electronic, healthcare, chemical, cosmetics, composites, and energy. Despite the latest devel-
opment, the possibility of adverse influences of nanotechnology on the environment, human
health, safety, and sustainability is still a challenge.73

2. Present status 259

II. Industrial applications of nanomaterials



2.8 Conclusions

The present review provides an overview of a variety of promising inorganic nanomate-
rials including metallic/nonmetallic inorganic nanomaterials, carbon-based nanomaterials,
nanopolymers, dendrimers, quantum dots, ceramic-based nanomaterials, composite inor-
ganic nanomaterials, magnetic nanomaterials, and other currently developed inorganic nano-
materials and their role for possible futuristic applications for next generation. It is quite
evident that there is a great prospect for inorganic nanomaterials in radiotherapy, chemo-
therapy sensitization, biomedical, pharmacology, medicine, sensor, energy applications,
and industrial applications. However, further research on inorganic nanomaterial is still
required as many ambiguities have to be cleared in near future before exploring the benefits
of these unique materials in actual applications.
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Two-dimensional layered materials
for efficient photodetection
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1. Introduction

Photodetectors (PDs) are optoelectronic devices that convert the optical signal into an
equivalent amount of detectable electrical signal through light-matter interaction. Significant
research is being carried out in the field of photodetectors across the globe due to their utility
in various applications like imaging,1 optical communication2 solar energy harvesting,3 pho-
toelectric memory,4 etc. A good photodetector should display a high sensitivity at the oper-
ating wavelengths, high fidelity, fast response, and above all should be cost-effective.

Traditionally three-dimensional (3D) bulk material systems like GaN, Si, Ge, InGaAs, etc.,
have been used for the detection of a wide spectrum of electromagnetic radiations. Even
though the process of photodetection using 3D material technology is well established, it ex-
periences various challenges in improving the precision and quality of detection required due
to low absorption coefficient, poor carrier mobility, and defective interface. Cost is another
concern in 3D bulk systems. However, the recent research on two-dimensional (2D)-layered
materials revealed characteristics like enhanced carrier mobility5 pronounced quantum
confinement effect,6 outstanding mechanical properties,7 excellent compatiabilites8

dangling-bond free surface,9 etc., and hence can be developed into a promising new genera-
tion photodetection technology. The scientific research witnessed this novel material science
on 2D layered materials after the groundbreaking discovery of graphene (Gr) by Novoselov
and Geim, which fetched them Nobel Prize in Physics. 2D layered materials (2DLM) encom-
pass chalcogenides, nitrides, halides, 2DLM based heterostructures, and composites.10e15 The
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exotic material characteristics exhibited by nanolayered materials became a matter of inquiry
for fundamental research as well as engineering applications. 2D layered nanosystems
include materials with bandgap ranging from 0 to 6 eV and hence can be utilized for the pho-
todetection of a wide range of electromagnetic spectrum and replace the conventional 3D
bulk materials in photodetection applications.

Despite the significant advance in material processing, various hurdles are being faced by
the researchers in realizing device quality 2D crystal systems for upscaling the technology
and achieving improved device performance. The quality and crystallinity of the 2D nano-
thin films play a significant role in the photoresponse exhibited by the nanosystems and
the performance of the device. Controlling the crystal orientation, thickness, and
morphology, etc., can be tuned by optimizing the thin film growth process to maximize
the photoresponsivity and reliability in detection. Pulsed laser deposition is an excellent
thin film growth process for realizing quality nano-thin films of TMDC compared to other
conventional techniques like micromechanical exfoliation, chemical vapor deposition, molec-
ular beam epitaxy (MBE), liquid-phase exfoliation, etc. Even though PLD is a versatile tech-
nology for the growth of quality TMDC nanofilms for photodetection, a detailed review or
analysis of the PLD technique for TMDC is sparse.

This chapter will present a broad overview of the classification of 2D-layered material,
various possible mechanisms in photodetection, the figures of merit that determine the qual-
ity of photodetectors, the pulsed laser deposition as a versatile thin-film technology to realize
nano-thin films, and analysis of a few results on promising photodetector nano system MoS2
based nano heterostructures, which were realized through pulsed laser ablation, for efficient
photodetection application.

2. Classification of 2D-layered material

2D-layered materials is broadly classified based on the transport property displayed by the
charge carriers, which is also a yardstick for the optoelectronic prospects of the system. The
electrical or electronic characteristics or transport properties of a material system can be well
described by analyzing the band structure of the material. The electronic band structure can
proclaim the functional characteristics of the nano-thin films viz: metallic, semiconducting,
insulating, or even superconducting. In 2D semiconducting systems, the electron confinement
can be directly related to the band structure, which distinguishes the materials with different
photoresponsivity as well. Also, a better understanding of the modulations in the band struc-
ture of the semiconducting 2D layers will enable the researchers to design quality heterostruc-
tures for efficient photodetection. A general classification of various types of 2D-layered
photodetectors along with a few examples is given for reference.

1. Metallic 2DLMs, which show negligible bandgap and high electrical conductivity.
2. Dirac Semimetalsdfor example, graphene, which is one atom thick and displays excel-

lent carrier mobility of 20,000 cm2 V�1S�,116 is an ideal candidate for photosensitive
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material.17e19 One of the major drawbacks of pristine graphene as photosensitive mate-
rial is the reduced photoresponsivity. However, an improved photoresponsivityw 1000
A/W could be achieved in graphene through a carrier tunneling mechanism.18 In spite
of the exposition of unparalleled properties by graphene, the gapless energy bandgap of
graphene limits its suitability in a variety of applications. This triggered the search for
2DLMs with a sizable energy band gap which leads to the discovery of conventional
van der Waal’s materials called TMDCs which are highly abundant and hence cost-
effective and exhibit stable and eco-friendly characteristics.

3. Semiconducting 2DLMs

As the name suggests, they possess moderate electrical conductivity due to reduced en-
ergy bandgap (below 3 eV) but comparatively lesser than metallic 2DLMs. In the periodic ta-
ble of elements, group number IVdXI is named as transition metals or transition elements,
based on the typical chemistry exhibited by these materials. In general, 2DLMs exhibit rela-
tively strong intralayer covalent interaction and very weak interlayer van der Waals interac-
tions and the material properties exhibited by them are greatly layer dependent.

a. Transition metal dichalcogenide (TMDC): TMDC unit cell is three atoms thick and con-
sists of a layer of transition metal atoms sandwiched between two layers of chalcogen
atoms. This three atoms thick unit cell in layer form is known as one layer of the mate-
rial. Excellent modulations in semiconducting response exhibited by many of the
TMDCs in nano form have been explored for a variety of optoelectronic applications,
which is described in the table given at the end of the chapter.

The prominent members of this group include group VIB dichalcogenides like MoS2, WS2,
MoSe2, WSe2, MoTe2, WTe2 with a moderate bandgap of 1e2 eV. Of these, MoS2 is a highly
explored system, which exhibits layer dependant bandgap and shows an indirect-to-direct
bandgap transition when thinned from the bulk to ML to a single layer (w1.3e1.9 eV)20

and is found to be an excellent material system for photoelectric detection. Record high
responsivity 1.4 � 105 A W�1 and detectivity of 9 � 1015 Jones (several orders of magnitude
higher than commercial Si and Ge PDs) have been reported in MoS2-based PDs.21,22

b. Semiconducting transition metal trichalcogenide (TMTC): It exhibits general formula
MX3 and M2X3, where M is a transition metal and X is a chalcogen.

Eg.for MX3 TMTCs for optoelectronic applications - TiS3, TiSe3, ZrS3, ZrSe3, HfS3 and
HfSe3

Eg.for M2X3 TMTCs - Pd2Se3, Co2Se3 and Ni2Se3.

c. Group IIIA chalcogenides - GaS, GaSe, GaTe, InSe, In2Se3
d. Group IVA chalcogenides - SiS, SiSe, Si2Te3, GeS, GeSe, etc., and
e. Group VA chalcogenides-phosphorene oxide, antimonene oxides, Bi2S3, SbO, etc., also
exhibit excellent photodetection characteristics. InSe and GaSe have been reported to
exhibit extremely high photo-responsivity of 5000 A W.�123,24
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3. Mechanism of photoelectric detection

Photodetection is a conversion of an optical signal or information into an electrical signal
and hence is a kind of energy conversion. The spectral range of detection by a device depends
on the bandgap of the photosensitive material, and the generated photocurrent/photovoltage
depends on the photodetector architecture. The prominent mechanisms in the photodetection
process could be the photoconductive effect, photovoltaic effect, photogating effect, photo-
thermoelectric effect, and bolometric effect. Each one of these mechanisms will have some
advantage over the other types in a particular situation and accordingly, it would be utilized
in the device architecture.

3.1 Photoconductive effect

The photoconductive effect utilizes the variation in electrical conductivity to the change in
the number of the electrical carrier when e-m radiation impinges on the material.25 The en-
ergy of the light photons will be absorbed by the electrons in the valence band and get excited
to the conduction band, which modulate the equilibrium charge carriers in the material. If a
potential difference is applied across the material, charge carriers can be separated and driven
in the external circuit. It is a kind of photoelectric effect. So, there is a threshold wavelength
which is decided by the bandgap of the material, above which no photoconductive effect or
photodetection, can be observed in the material. The basic design of a photoconductor con-
sists of a semiconductor photosensitive material with two Ohmic metal contacts at the oppo-
site ends. Since an external voltage is needed for getting appreciable photodetection, a large
dark current will be generated in the device which distorts the performance of the device
working in photoconductive mode.26,27

3.2 Photovoltaic effect

It is a kind of spontaneous generation photocurrent/photovoltage under the illumination
of light, which takes place across the photosensitive heterojunction. The built-in electric field
available in the heterojunction will be the driving force for the photocarriers to move in the
external circuit and to constitute photocurrent. The photovoltaic effect is also a kind of pho-
toelectric effect and hence a threshold frequency of the incident light is inevitable for the pro-
cess to take place. However, there are recent developments in photovoltaics, which confirm
the possibility of photovoltaics at lower frequencies through interband excitation.28 Also, self-
powered photodetectors are possible in devices operating in photovoltaic mode, which facil-
itate energy saving and reduced dark current during its operation.

3.3 Photogating effect

The photogating effect arises when photocarriers are captured by localized electron/hole
traps created in the system due to doping, and in a way, external photocurrent can be modu-
lated.29 Generally, those photodetectors which work based on the photogating effect will
exhibit reasonably higher photo gain due to the extended life time of the generated
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photocarriers. However, the increased photo gain would adversely affect the response speed
of the device due to the de-trapping process which takes place at a slower pace.

3.4 Photothermoelectric effect

It arises due to the temperature gradient that is created across the detector device under
photo illumination, which will drive the photocurrent through the circuit.30 The thermoelec-
tric response is developed either due to the uneven or localized light illumination or due to
the difference in the thermoelectric coefficients of the two-component materials which partic-
ipate in the heterojunction. Generally, the thermoelectric current so produced will flow be-
tween the hot and cold junctions and it will be significantly low to be used for any
practical photodetection applications.

3.5 Bolometric effect

It is due to the heating of the photosensitive material when irradiated with heat radiation,
preferably in the infra-red region of the electromagnetic spectrum. In the bolometric effect,
under the illumination of light, the variation in the mobility of the charge carriers will induce
a change in the electrical conductivity of the photosensitive material.31 With an increase in
temperature, the amplitude of the vibration of the atoms will increase which will act as scat-
tering centers for the moving electrons. Therefore, the temperature coefficient of the photo-
sensitive material decide the bolometric response in a photosensitive material under photo
illumination.

4. Figures of merits for photodetectors

Semiconductor-based photodetectors are being used for a variety of applications. Each
photosensitive material will have certain merits and a few demerits, which depend upon
the fabrication processes, stability, and performance. The quality of the photodetector is
quantified in terms of certain parameters known as figures of merit of the photodetector,
to assess the utility of the device for applications. Important figures of merits in photodetec-
tion are outlined in brief.

4.1 External quantum efficiency (EQE or h)

It is defined as the ratio of the rate (re) of electrons collected at the detector terminals to the
rate (rp) of photons incident on the device (h ¼ re/rp).

hddepends on 3 parameters.

1. Lesser the light reflected, the better will be the detection.
2. In the expression for variation in the intensity of light with distance inside the material

I(x) ¼ I0e
�ax, if the product ax is much larger than unity, h will be improved. (ad

absorption coefficient).
3. h depends on the photon wavelength.

4. Figures of merits for photodetectors 269

II. Industrial applications of nanomaterials



Efficiency can also be expressed as

1. h ¼ Iph/4 Iphdphoton current and 4dphoton flux

The flux of photon depends upon the power of the incident radiation (Poptic) and its energy
(hn)

4 ¼ (Poptic � e)/hn

2. h ¼ Rlhc/el
Where Rldresponsivity, edelementary charge, hdPlanck’s constant, cdspeed of incident

light, and ldwavelength of the incident light.
EQE is a direct indication of the optical gain of the device.32,33

4.2 Responsivity (Rl)

Responsivity is a quantitative measure of the detector quality which quantifies the output
signal (photocurrent) generated per input signal power. It depends on the speed of diffusion
of the photogenerated carriers through the material to reach the electrodes and produce
photocurrent i.e., it depends on the diffusion coefficient and mobility of electrons and holes.
A higher photoresponsivity is an indication of the ability of the device to detect even the
weak input light signal.33,34

Generally, responsivity exhibited by the photodetector increases monotonically with
increasing the wavelength of the light until it reaches the cut off wavelength, above which
energy of the radiation will be insufficient to cause photoexcitation. Also, the light absorption
coefficient of the material is a function of the wavelength which increases with wavelength.
So, a trade-off between wavelength and absorption coefficient of the material plays a role in
photodetection. A general expression for the responsivity of a photodetector is expressed as.
R ¼ nql

hc
1ffiffiffiffiffiffiffiffiffiffiffi

1þu2s2
p G

Where h is quantum efficiency, q is the electronic charge, ldwavelength of the incident
light, hdPlanck’s constant, cdspeed of light in vacuum, udelectrical modulation frequency,
sdresponse time, Gdphotoconductive gain. At low modulation frequency, the above expres-
sion may be given as. R ¼ nql

hc G
Responsivity may also be defined as Rl ¼ Il/(PlS), where Il is the photocurrent

(IlluminationdIdark), Pl is the light power or intensity of the incident light, S is the effective illu-
minated area of the device and l is the wavelength of the incident light. It is measured in
A/W.35,36

4.3 Response/recovery time

Response time is a measure of the quickness in response when the device is turned on or
off. It is measured as the time taken for the signal to rise from 10% to 90% when the incident
light is turned on (rising edge) or time is taken for the current to decrease from 90% to 10%
when the light switched off (falling edge).37,38
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5. Noise in detectors

Noise is any undesired signal which weakens the signal. The output photocurrent due to
the signal will be fluctuated or superseded by the current or voltage generated due to noise.
Fluctuations arise due to noise is generated externally or internally and the corresponding
variations in the V and I will be statistical in nature. Also, the noise will generate a current
in the circuit even in the absence of the light signal. Generally, three different types of noise
sources are encountered in the photodetection, which would constitute current in the circuit.

They are (1) dark noise, (2) shot noise, and (3) Johnson or Nyquist noise.
Dark current or dark noise current, as the name indicates, is the constant response

exhibited by a photodetector due to thermal generation of e-h pairs when it is not actively
being exposed to light.

Shot noise (quantum noise) arises due to the randomness in the arrival of light quanta and
exhibits the variation as a statistical response which may be well expressed as a Poisson dis-
tribution. This statistical random fluctuation of the input light signal cannot be eliminated,
and hence identical randomness in the generation e-h pairs and the current so produced is
expected.

The third one is the thermal Noise in Photodetectors also known as Johnson noise or
Nyquist noise. It is generated in the detector due to the thermal agitation of the electrons
in the light detecting material. The constantly moving electrons collide with each other and
with the atoms of the material and the motion between two collisions represents a tiny cur-
rent. These random fluctuations at short intervals constitute Johnson or Nyquist noise.

5.1 Signal to noise ratio (SNR)

Noise in detectors cannot be eliminated, and will constitute a dark current (nA or pA) in
the detector even in the absence of the input light. For the detector to be able to differentiate
between the random noise and the input signal, the power of the light signal should be
greater than that of the noise signal.

SNR ¼ Signal power/noise power.

5.2 Noise equivalent power (NEP) and detectivity (D)

It is an important figure of merit for a detector and is defined as the rms value of incident
power which can generate a signal current of voltage whose rms value is equal to the rms
value of current or voltage due to noise effects.

Or it is the minimum detectable optical power of bandwidth 1 Hz, at which SNR in the
detector is unity and can be measured as the ratio of current generated due to noise to the
responsivity of the device.

i.e., NEP ¼ Inoise/R
33,39

For a photodetector, NEP is specified at a particular wavelength and temperature. Band-
width of the incident radiation for the measurement of NEP is generally taken as 1 Hz.
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Noise power within a bandwidth of Df is proportional to Df itself. Since current or voltage
is proportional to the square root of power, the noise current is proportional to (Df)1/2 and the
unit of NEP is Watts/(Hz).1/2

NEP may be measured through the following relation.
NEP ¼ [hc(2eId)

1/2]/hel.
Idddark current hdefficiency and the rest are standard parameters.

5.3 Detectivity (D)

Detectivity is defined as the inverse of NEP and specific detectivity (D*) is the inverse of
NEP normalized to the unit area of the detector. It is useful for comparing the quality of
different photodetectors made up of different materials and having different geometries. A
better photodetector will exhibit higher detectivity.

Detectivity (D) ¼ 1/NEP ¼ hel/[hc(2eId)
1/2]

Both NEP and detectivity depend on the active area of the photodetector and hence varies
as the defining area is changing. So, an area independent parameter called specific detectivity
(D*) is defined to compare the sensitivity of the materials.

5.4 Specific detectivity (D*)

D*¼ (A B)1/2/NEP. Adis device area and Bdelectrical bandwidth.
It may also be expressed as D* ¼ R (A B)1/2/in. where in is noise current.
Specific detectivity is expressed in the unit (cm Hz1/2 W�1) also known as Jones.

6. Photodetector classification

1. Powered or self-powered PDs: It is based on whether the detector needs an external po-
wer supply to drive generated photocurrent in the external circuit or not.

2. Broadband or narrow band PDs: Based on the range of wavelengths that can be
detected by the PD.

3. Organic or inorganic PDs: based on the composition of photosensitive material used in
PD.

4. MSM PDs and HJ PDs: based on device structure.

7. Photodetectorddevice architecture

7.1 Metalesemiconductoremetal (MSM) PDs

Two metal electrodes are given at the ends of photosensitive channel material to form a
planar geometry, which facilitates easy flow of photocarriers through the channel material.
A large photocurrent, higher photocurrent gain, enhanced responsivity, and high efficiency
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are expected in MSM architecture.40 Notable drawbacks with MSM architecture are high en-
ergy consumption due to large dark current and low on/off ratio.

7.2 Heterojunction photodetectors (HJPDs)

Heterojunction photodetectors use photosensitive heterostructures composed of two mate-
rials having different Fermi levels. Based on the types of components, HJPDs can be divided
into Schottky, p-n, and homotype junction PDs. Schottky junction PD uses semiconductor-
metal junctions. In p-n junction type, p-type and n-type materials form junctions and in
homotype junction PDs, semiconductors with similar carrier types will participate in the junc-
tion formation.41 The dark current due to thermal excitation will be considerably suppressed
in heterojunction due to the formation of the depletion barrier. Also, it exhibits reduced en-
ergy consumption, high on/off ratio, high detectivity, and fast response. However, it gener-
ally exhibits low photoresponsivity.

8. Pulsed laser deposition

Historical development of PLD goes back to mid 1960s when Smith and Turner used a
ruby laser to deposit thin films. Since laser technology was in its nascent stage, the develop-
ment of PLD in thin-film fabrication was quite slow in the initial years compared to other
deposition techniques like MBE (low energy z 0.1 eV), which was good to produce better
quality thin films. However, the following decades witnessed the fast advances in laser tech-
nology, which made available lasers with a higher repetition rate than early ruby lasers, and
thin-film deposition using PLD moved to the forefront. Lasers with highly reliable and very
short optical pulses enabled the congruent evaporation of the target and stoichiometric depo-
sition of multicomponent thin films. Further development in laser technology brought out
high efficient harmonic generators and excimer lasers (10 ns pulses) delivering powerful
UV radiation with less absorption depth, which started a new era of nonthermal and highly
efficient laser ablation. PLD systems generally use focused pulsed excimer or Nd: YAG laser
to ablate the target. Pulsed laser deposition (PLD) is a superior thin film deposition technique
originally designed for multi-component materials. A focused high power pulsed laser beam
is used for the ablation of solid target material and deposition of a stoichiometric thin film on
the substrate. Target (anything! metal, semiconductors, etc.) and substrates are seated in a
highly evacuated chamber having a narrow window for the laser beam to fall on the rotating
target. Since the laser is used as an external clean energy source and no filament is involved,
deposition can be carried out in both inert and reactive background gases. Rapid evaporation
of the solid target results from the absorption of the electromagnetic laser beam and subse-
quent energy transfer to the phonons of the target leads to a high heating rate of 108 K/s
on the target surface. The temperature developed is so high that, congruent evaporation of
the target will be established. Highly excited and ionized evaporated species form a well-
directed, transient (wns time-scales), and highly luminous plasma plume normal to the target
surface.
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Compared to other deposition techniques like sputtering, PLD needs only a small target.
Multilayered films of different materials can be achieved by sequential ablation of assorted
targets. The target carousel, housing several targets of different materials, enables multilayer
film deposition without breaking the vacuum when changing the materials. Since film thick-
ness is directly related to the number of pulses used to ablate, even an atomic monolayer can
be realized by fine control of laser frequency (repetition rate). Film thickness can be controlled
in real-time even, by simply turning the laser on and off. Also, the stoichiometry of the multi-
component system can be obtained in PLD deposition at comparatively lower substrate tem-
perature due to the excessive heating rate of the ablated species, which is a favorable condi-
tion for the semiconductor industry as it avoids possible thermal degradation. The properties
of the film are affected by a number of parameters such as laser fluence, background gas pres-
sure, substrate temperature, etc., which allows an operator to manipulate the film properties
for various applications by tuning the variables.

8.1 PLD grown 2DLM photodetectors (PDs)

Many researchers across the globe have successfully fabricated both MSM PDs and heter-
ojunction photodetectors of 2D layered materials using pulsed laser ablation. These devices
are available in different forms like photoresistors or phototransistors. Photodetectors that
can detect the polarization of the incident light are useful for application in imaging, remote
sensing, communication, and military uses.42 There are photodetectors designed to study the
polarization of the incident light. When polarized light is allowed to fall on such a detector,
an asymmetric nonequilibrium steady state is created which induces photocurrent in the
device.43

The PLD device used in our studies is shown in the Fig. 13.1(i). The first study on the pho-
todetection of PLD-grown 2D TMDC was reported by Late et al. in 2014,44 in which they
could grow MoS2 on Kapton substrate using PLD. Recently, Deependra et al.,45 could realize
self-powered photodetectors of MoS2 on AlN buffered Si wafer through pulsed laser deposi-
tion. The device architecture or photodetector exhibited improved figures of merits and the
detector demonstrated stable photoswitching and enhanced photoresponsivity in MoS2-
based photodetectors realized through pulsed laser ablation. The author is also working on
growing MoS2 heterostructures on Si and Si/AlN wafers with different buffer layers like
ZnO, SnO2, CuO, etc., through pulsed laser ablation and to realize heterostructures for effi-
cient photodetection. PLD parameters are optimized for quality thin film growth. The thick-
ness of the film depends on the number of laser shots. It was found that some 300 laser shots
produce a few layers (5e6) of MoS2. A substrate temperature of 400 �C and above during
deposition and high-temperature annealing for more than 30 min were found to be ideal
for realizing quality thin film having improved photodetection. In our experiments, the throw
distance was fixed to be 4.5 cm and deposition was carried out at 1.2 � 10�5 mbar pressure.
Self powered and broadband photodetection as well as photoswitching response could be
realized in our PLD grown heterostructure and MSM devices (Fig. 13.1(ii).

There are also promising reports available on the PLD grown WS2 photodetectors. A few
of the reports on MoS2 photodetectors available in the literature are analyzed below. PLD
grown systems are also analyzed separately (Table 13.1).
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FIGURE 13.1 (i) Pulsed laser deposition unit used for MoS2 thin film growth (ii) Photoresponse acquired in MoS2
based device under illumination (400e1200 nm) (data without processing). PLD grown device is shown inset.

TABLE 13.1 Photodetector structure, highest detection wavelength (nm), responsivity (A/W), and
response/recovery time exhibited by MoS2-based systems are analyzed.

Photodetector structure
Highest detection
wavelength (nm)

Responsivity
(A/W)

Response/recovery
time

MA3Bi2Br9passivated few-layer MoS2
46 530 w512 0.3/0.3 ms

P(VDF-TrFE) driven MoS2
47 635 w2570 1.8/2.0 ms

MoS2/CsPbBr3
48 442 w4.4 0.72/1.01 ms

MoS2/CuO
49 570 w157.6 w34.6/51.9 ms

MoS2/Si
50 808 w0.9082 56/825 ns

GaSe/MoS2
51 532 w3 50 ms

MoTe2/MoS2
52 637 0.046 60/25 ms

MoS2/MoSe2
53 633 w350 10 ms

MoS2/P
þ Si59 808 w0.746 178/198 ms

MoS2/Graphene QDs55 405 w104 0.07/1.23 s

Single-layer MoS2
56 450 w7.5 � 10e3 50/50 ms

CNT-MoS2 p-n junction57 650 w0.1 15/15 ms

MoS2/Si
58 780 w23.1 21.6/65.5 ms

(Continued)
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TABLE 13.1 Photodetector structure, highest detection wavelength (nm), responsivity (A/W), and
response/recovery time exhibited by MoS2-based systems are analyzed.dcont’d

Photodetector structure
Highest detection
wavelength (nm)

Responsivity
(A/W)

Response/recovery
time

ZnPc treated MoS2 with Al2O3 passivation
layer59

532 w430 100 ms

MoS2/p-Si
60 455 w0.03 38.78/43.07 ms

n-MoS2/p-Si
61 808 w0.3 3/40 ms

n-MoS2/n-Si
61 650 w11.9 30.5/71.6 ms

MoS2/h-BN/graphene62 405 w180 0.23/0.25 s

3D r-GO-MoS2/pyramid Si63 808 w21.8 2.8/46.6 ms

PdeMoS2/Si
64 950 w0.654 2.1/173.8 ms

CH3NH3PbI3/MoS2 with r-GO as HT65 660 w1.08 � 104 <45 ms

Pd-single layer MoS2
66 425 w0.88 24.2/24.5 ms

MoS2eCdTe
67 780 w0.0366 43.7/82.1 ms

PLD grown systems

MoS2
68 445e2717 0.0507 e

WS2/Bi2Te3
69 370e1550 30.7 20/20 ms

MoS2
70 300e800 1.96 98/98 ms

MoS2/Si
71 400e980 e 150 ns/2.1 ms

WS2
72 370e1064 0.51 4.1/4.4 s

WSe2
73 370e1064 0.92 0.9/2 s

InSe74 370e980 27 0.5/1.7 s

GaSe75 240e900 1.4 5/20 s

SnSe76 370e808 5.5 e

Mo0.5W0.5S2
77 370e1064 5.8 150/150 ms

In2Se3/CuInSe2
78 370e1064 20.1 8/8 ms

MoS2
79 7200e8000 e 10/9.6 s

In2Se3
80 254e1064 20. 24.6/57.4 ms

SnS81 370e808 115 e
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9. Conclusion

Miniaturization of electronic products demands the requirement of photodetectors at
nanometer size for induction in novel technology. MoS2-based thin film photodetectors are
found to be effective in quality photodetection over a wide range of the electromagnetic spec-
trum. Novel device architecture using TMDC-based photodetectors is highly promising for
enhanced photodetection. It has been understood from the recent scientific inquiry that
pulsed laser deposition can be used for growing MoS2-based nano-films and heterostructures
to realize excellent photodetection, photoswitching, etc., for various applications.
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magnetite nanomaterials blended

with single-walled carbon nanotubes
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Telangana, India

1. Introduction

Graphene is a new member of the allotropes of the carbon family, with famous members
like diamond, graphite, fullerene, nanotubes, and graphene. Graphene has much attention
since the earlier research by Germ and Novoseloi, for which they received the Noble prize
in 2010. Graphene and its derivatives, such as graphite oxide, reduced graphene oxide,
and graphene oxides, have been used in scientific research. Graphene is a 3-D layer of sp2 hy-
bridized carbon atoms that exhibits exceptional magnetic, mechanical, thermal, electronic,
and optical properties with a large surface area. The compelling interest in carbon nanotubes
(CNTs) has kindled research activity since their discovery in 1991.1e3 Its fabulous properties
have opened numerous applications in field emission transistors, and catalysis.

Irrespective of the stunning technological development, there is still much struggle in the
synthesis aspect, which is a significant drawback in complying with these unique materials in
a commercial application. Apart from the various known catalytic chemical vapor deposition
(CCVD) methods, SWCNTs can be produced with varying diameters, large-scale production,
high purity, variable temperature, and, most importantly, economical. Single-Wall Carbon
Nanotubes (SWCNTs) are CNTs with a single layer or single graphene sheet-shaped or rolled
cylindrical tube form. The other kind of CNTs, a family of concentric tubes with a position
perpendicular to the axis, is termed MultiWall Carbon Nanotubes (MWCNTs). The Young’s
Modulus of SWCNTs is greater than 1 TPa, and the Tensile strength is around 200Gpa. The
thermal conductivity can be higher up to 2500 W/mK. SWCNTs have proven that it is a
beautiful candidate for emission with a perfect mass-to-weight ratio, a minimum radius of
the curvature tip, and sensible heat emitting properties.4e11
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SWCNTs consist of a single graphene sheet rolled in cylindrical form. Its remarkable struc-
tural and physical properties lead to various potential applications in electrical, electronic,
and mechanical devices. Doping, adsorption, or growing on the surface of metal nanopar-
ticles can improve, change, or manipulate metal nanoparticles’ physical and chemical prop-
erties; hence, the newly prepared hybrid composite can open new application opportunities.
In the nanoscale domain, the nanoparticles’ properties cannot be observed in bulk or the
counterpart of atoms. Iron oxide nanostructure-based material is exploited for various
research purposes because of its magnetic, optical, electrical, and catalytic behaviors. Howev-
er, IONs must always be combined with other nanostructured materials to create increased
properties. nanocomposites.12,13 Therefore it is a great deal to prepare nanomaterials that pro-
vide desired characteristics. Because of its synthesizing simplicity in the laboratory and its
elegant features, iron oxide nanoparticles (IONs) gain a unique place between other oxides
of metal nanosized. This valuable SWCNTs option has excellent potential for synthesizing
nanocomposites. In other words, electromechanical applications include transformers, induc-
tors, bobbins, and other electromechanical components. These hybridized nanocomposites
can create a new class of electrical and mechanical components, extending their useful lives
and reducing the risk of malfunction-related hazards such as overheating, causing fire, etc.
This chapter describes Fe3O4(IONs)-SWCNTs nanocomposites for electrical and mechanical
applications.

Many researchers used earlier hematite, maghemite, and magnetite iron oxides to form
nanocomposites. Therefore, this chapter mainly focuses on Magnetite (Fe3O4) and its compos-
ites for electromechanical applications. Magnetite (Fe3O4) (Fe

IIFeIII2O4) is also named ferrous
ferrite or Iron (II, III). Magnetite molecular formula Fe3O4 can be depicted as FeO.Fe2O3.
Magnetite has the most vital magnetism among all the natural minerals. It differs from other
iron oxides because it simultaneously has Feþþ and Feþþþ ions. Fe3O4 has a CCP structure
forming a cubic inverse spinal structure. Hematite (a-Fe2O3) is one of the oldest members
with promising capabilities in rocks and soil.

Hematite is highly stable; hence, it is generally the final product of other oxides of Iron af-
ter the transformation. Hematite is coarsely crystalline, it shows a gray or black color, but it
offers a red color if it is finely divided. After the Hematite, maghemite (g-Fe2O3) is the second
most stable among all other iron oxides found in soil and other natural resources. While fer-
rites include divalent and trivalent cations, maghemite and magnetite have a spinel crystal
structure.3 Maghemite shows n-type semiconductor behaviors and antiferromagnetic.14e20

Magnetic SWCNTs’ properties have yet to be reviewed in detail instead of a few original re-
ports. Hence, their importance is undoubtful because of various potential and current med-
icine, chemistry, physics, and biology through nanotechnology. This chapter’s main objective
is to highlight current and potential applications.14,15,21e23

2. Metal-SWCNTs composites

In the periodic table, few magnetic metals are present. Paramagnetic properties have been
found in a few typical metals with SWCNTs like Iron, nickel, or cobalt. Iron/SWCNTs hy-
brids and iron oxides like Fe3O4 are undoubtedly very well studied as central metals.16e20,24

This hybrid can obtain by various methods via both greener and classic chemicals. Green
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chemical-focused solar radiation can be applied to prepare three-dimensional oxides of
metals dispersed with SWCNTs by simultaneous exfoliation and reduction. This method al-
lows the insertion of SWCNTs in between the metal oxides. These SWCNTs, dispersed with
metal oxide nanoparticles, might be used in energy storage sensing, conversion devices, and
environmental fields.25e36

3. Magnetic behavior of iron oxides

The iron atom’s magnetic moments are extreme because, in their 3d orbital, four unpaired
electrons are present. When iron atoms getting crystallizes, various magnetic states can be
arises. In the state of paramagnetism, the magnetic moment of individual atoms is aligned
randomly to each other, and hence overall, the crystal possesses zero magnetic moments.
Some of these atom moments will be aligned when an external magnetic field is introduced;
hence, the crystal possesses a small net magnetic moment.37 All individual atoms’ moments
can be aligned in a ferromagnetic material without introducing the external electric field.
Atoms in ferrimagnetic materials having two types of moments are antiparallel to one
another. Net magnetic moments are therefore present, and if their magnitudes are the
same, the object is antiferromagnetic, which has no net magnetic moments. Above the Curie
temperature of 956 K, the Hematite shows paramagnetic nature. While still ferromagnetic at
ambient temperature, it transitions to an antiferromagnetic state at Morin temperature
(260 K). Hematite magnetic properties depend on the particle size, crystallinity, and the
cation substitution extent. As the particle size decreases Morin temperature of the Hematite
decreases and vanishes for very smaller particles. At room temperature, magnetite shows
ferrimagnetic nature and has 850 K Ci temperature. At room temperature, magnetite particles
smaller than 6 nm exhibit superparamagnetic nature. Their magnetic characteristics depend
highly on the synthesis method employed to create them. Margulies et al. looked at how
much the magnetism of the nanosized magnetite affects the crystal shape. The coercivity or-
der affected by crystal morphology are: octahedral > cubes > Spheres.38,39 Maghemite has
ferrimagnetic properties at room temperature but gradually becomes unstable at higher tem-
peratures and loses its susceptibility. Maghemite’s Curie temperature is challenging to mea-
sure experimentally since the loss of magnetism causes an irreversible structural shift to
Hematite. According to this theory, the Curie temperature of maghemite lies between 820
and 986 K. Maghemite particles exhibit superparamagnetic properties at temperatures below
10 nm.40,41

4. Iron oxide-SWCNTs composites

Magnetic SWCNTs nanocomposites can be prepared to form a core in the nanocomposites
double-shell structure in which Fe is the core, iron oxide as the inner shell, and SWCNTs the
outer shell. This composite is very stable even in strong acid also. Other magnetic SWCNTs
nanocomposites can be prepared in which Fe is used as a core, iron oxides are used as shells,
and SWCNTs are used as nanofillers.42e46
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4.1 Fe2O3-SWCNTs composites

SWCNTs can be iron oxide composites in the form of the element or core-shell nanopar-
ticles. The ratio of iron nanoparticles in different oxide states depends on the oxygen present.
Due to their abundant oxygen, SWCNTs nanoparticles were loaded on magnetic iron oxide
sheets. SWCNTs nanoparticles changed the Fe2O3 lattice structure and their intrinsic proper-
ties, depending on the SWCNTs precursor. pH can adjust by effectively charging attraction or
repulsion between SWCNTs and Fe2O3 nanoparticles since pH is crucial for the composite’s
stability. The double-layer electrical forces can explain the adsorption of Fe2O3 at low pH be-
tween the Fe2O3 and SWCNTs shown in Fig. 14.1.47e55 At higher pH, due to similar charge
repulsion, dispersions are stable. With SWCNTs, an intriguing effect was observed. Greater
concentrations result in the restabilization of Fe2O3, whereas lower concentrations result in
the flocculation of Fe2O3. This composite can enhance the electrode’s electrical and chemical
performance, which is iron-oxide-based in high-rate Lithium-ion batteries.56,57

4.2 Magnetite(Fe3O4)-SWCNTs composites

Adding carbon-derived materials like graphene or CNTs to the magnetite helps in phase
changes and volume accommodation and helps improve the electrical conductivity of the
synthesized sheet significantly. This chapter will see the effect on magnetite properties by
adding SWCNTs to improve the physical and chemical properties. Adding SWCNT in the
magnetite (Fe3O4), which is in IONs, electrical conductivity, volume accommodation, and
phase change other physical and chemical properties can be improved for performance
and long-term stability. In most methods like hydrothermal, sol-gel, pyrolysis, etc., fabrica-
tion binders can be used to form Fe3O4 composites with SWCNTs.58,59 Binder in the fabrica-
tion method may impede electron and iron transport, reducing capacity. These fabrication
methods may be complex and completed in multiple steps, which increases the cost of pro-
duction. The supersonic cold spray method can fabricate Fe3O4IONs-SWCNTs composites in
which both Fe3O4IONs and SWCNTs can be deposited simultaneously without using any

FIGURE 14.1 Synthesized nanosheets using nanopowder of iron oxide and single walls carbon nanotubes.
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binder. A film with uniformity and superior adhesion property can be formed quickly across
the substrate by merely sweeping a nozzle. In between substrate and material being depos-
ited, the supersonic impact produces excellent adhesion of the film deposited. Further densi-
fication and compaction of the materials deposited by subsequently impacted material
increases the cohesion between Fe3O4IONs and SWCNTs composites, as shown in
Fig. 14.2.60e62

The magnetic properties of IONs have been exploited in various applications like magnetic
resonance imaging, therapeutic agents, magnetic recording media, and various other electri-
cal and mechanical components. Nanomaterials of a specific shape, size, magnetic properties,
and surface characteristics are required in these applications. For storing data, the particle
must be stable and have a switchable magnetic state that should not be affected by temper-
ature variations.63 They must resist corrosion, friction, and temperature fluctuation and be
uniformly small. Magnetite can be used in data storage and recording because of its stable
physical and chemical nature. It can combine with SWCNTs to improve their storage capacity
and coercivity. Incorporated nanoparticles have excellent thermal stability compared to con-
ventional ones. As a result, SWCNTs blended IONs are predominant for magnetic discs, high
bias audiotapes, and videotapes.

It can also be utilized in magnetometers as a sensing element and recording. Fe3O4IONs-
SWCNTs composite embedded in the nonmagnetic matrix exhibits enormous resistance to
the magnet, resulting in decreased resistance due to the applied magnetic field.
Fe3O4IONs-SWCNTs in ferrofluids can be used in space applications for high-performance
sealing. Ferrofluids contain Fe3O4IONs-SWCNTs in superparamagnetic nanoparticles
dispersed in an organic or aqueous medium.64,65 Ferrofluids show magnetic moment only
in applied electric fields; otherwise, it shows zero net magnetic moments, and hence an
external magnet can trap the fluid in a specific location to act as a seal. This fluid can be
used in optical switches and tunable diffraction gratings because it has magnetic field-
dependent optical anisotropy properties. This can also be used in vibrating environments
and sealing computer disk units instead of conventional sealing materials.

Fe3O4IONs-SWCNTs blends receive attention in the formation of immunoassays, contrast
agents for magnetic resonance imaging, hyperthermia, and targeted drug delivery vehicles at

FIGURE 14.2 Formation of composite.
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room temperature Fe3O4IONs-SWCNTs particles can exhibit super magnetic behavior. Func-
tionalized Fe3O4IONs-SWCNTs, which are super magnetic with the help of an electric field,
allow the drug delivery to the required target where the local release of medicine is required.
The Fe3O4IONs-SWCNTs nanoparticles surface be used in drug delivery, functionalized with
drug genetic materials or protein to deliver these locally.66e75

4.2.1 Fe3O4-SWCNTs aerogels

Aerogels have the most considerable attention compared to the all magnetic SWCNTs
hybrid among all mixed valent of iron oxides with SWCNTs. Magnetite and other Aerogels
and their synthesizing procedures are very well known. Introducing SWCNTs can lead to
various unusual potential applications and their properties; for example, pollutants can be
removed easily, like crude oil. These composites can be in simple composition (i.e., Fe3O4-
SWCNTs) or other functional groups like a composite. Hence, 3D N-doped Fe3O4 aerogel
(N- FA)- supported SWCNTs nanoparticles (SWCNTs/N-FA) are well known as an efficient
cathode catalyst for the oxygen reduction reaction. These composites can be synthesized
through thermal treatment, freeze-drying, and combined hydrothermal self-assembly pro-
cesses. The resultant product showed excellent electro-catalytic behavior for the oxygen
reduction reaction in alkaline electrolytes, including better durability, high electron transfer
number, lower H2O2 yield, high current density, and lower ring current. 3D magnetite aero-
gel having SWCNTs nanoparticles is reported to be the lightest magnetic elastomer ever. In
strain-dependent electrical resistance and reversible magnetic field induced, this can monitor
stretching and compression in the material. Among various aerogel hydrophobic Fe3O4-
SWCNTs, the solvothermal process can form aerogel composites with very low density
and significantly higher porosity with a reticulated sheet structure. This composite can be
used by allowing 30e40 times greater mass intake after 10e12 water-oil separation cycles
in crude oil remediation.49,50,56,57,76

4.2.2 Bi-component magnetite-SWCNTs

Solvothermal and hydrothermal synthesis procedures are widely used to synthesize the
nonaerogel type magnetite -SWCNTs composites, although various synthesis procedures
like atomic layer deposition can be used frequently. Magnetic Fe3O4 foam with hierarchical
porous structures by combining the SWCNTs nanoparticles can prepare by a hydrothermal
system by gaseous reduction. It can be used as adsorption of organic and oil solvent; hence
it can be used for oil spill clean-up. Under mild conditions, while controlling the reduction
degree of Fe3O4, SWCNTs nanoparticles on Fe3O4 foam have different morphologies, cubic
structures, or nanosheet arrays. A particular ratio of Fe3O4/SWCNTs is significant for various
applications. As a result, solvothermal techniques can be utilized to generate Fe3O4/SWCNTs
nanocomposites with various SWCNTs to Fe3O4 ratios, which can then be used to remove the
methylene blue dye from aqueous solutions. You can see the following morphologies:
SWCNTs nanoparticles spread uniformly and uniformly over the Fe3O4 sheet in a sheet-
like structure without clumping together. A decrease in adsorption capacity coincided with
an increase in magnetization due to adding more SWCNTs nanoparticles to the surface of
the Fe3O4 sheet. Size influences mitochondrial activity during reduction. The chemical func-
tionalization of Fe3O4 and SWCNTs increase the biocompatibility and makes the system in-
dependent of the size distribution of nanoparticles.77e81
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4.2.3 Multi-component Magnetite-SWCNTs

Systems having complex SWCNTs/Fe3O4 and inorganic or organic are also ubiquitous.
Thus, Fe3O4 sheet double side coating mesoporous nanocomposites with greater pore volume
and surface area may be obtained. Each side of Fe3O4 sheet was coated with a layer of silica
materials; the mesoporous, sol-gel method assisted with CTAB and subsequent calcinations.
Prepared composites can identify or analyze peptides in human urine, specific enrichment,
size selectiveness where required, and protein digest solution.82 Few researchers also inves-
tigated magnetic materials with chitosan in biomedical applications.66,83e87 Thus, an
SWCNTs/Fe3O4/Chitosan composite was prepared by the technique of mixing-
evaporation of solution. By using 0.5% SWCNTs by weight and 1% Fe3O4 by weight, Young’s
modulus can be enhanced by up to 30%, and tensile strength can be improved by up to 80%
of the chitosan. It can be used as an excellent electrochemical biosensor catalyst for glucose
detection because nitrogen in chitosan when SWCNTs are introduced in biocompatible
and water-dispersible chitosan functionalized Fe3O4 is prepared by one-step ball milling of
chitosan and Fe3O4. Bio-adsorbent can also be prepared by magnetic composite based on chi-
tosan and SWCNTs-Fe3O4 composites.88,89

5. Applications

5.1 Fe3O4-SWCNTs in biofuels

It is urgent to reduce greenhouse gas emissions. At the same time, the energy supply
should be increased due to the rising global demand for energy, higher economic growth,
higher commodity prices in developing nations, and scientific evidence that the presence
of carbon dioxide in the atmosphere is one of the primary causes of climate change. Biofuel
is a renewable resource, and if adequately converted and produced, it can provide liquid
fuels that can reduce the greenhouse gas emissions like NOx more than petroleum oil.
Fischer-Tropsch Synthesis (FTS) is a well-known catalytic process for preparing liquid fuels
by efficiently gasifying biomass feedstock and valuable organic compounds like diesel.
Derived diesel is up to 30% more efficient and is clean burning than gasoline. However,
most available catalysts are costly, produce a comprehensive hydrocarbon array product
and CO2 CH4, and are not readily recyclable. Due to the production of CH4 as byproducts
of waste H2, lowering methane selectivity and increasing the formation of long-chain hydro-
carbons are the most important reason for producing a new type of FTS catalyst.90

Iron-based catalysts can provide a great value in FTS because of their high activity over a
wide temperature range relative to the other catalyst. Lower cost allows producing gasoline
at a higher temperature and diesel at a lower temperature. They can catalyze water-gas shift
reaction, enabling hydrocarbons’ formation in liquid form from synthesis gas with a lower H2
to CO ratio. In sources of coal and biomass, the ratio of H2 to CO is around 1.15e1.20. In FTS,
most iron-based catalysts are supported on higher surface area oxides, like Al2O3, SiO2, and
zeolites. When reinforced with alumina or silica, iron forms mixed oxides because of the solid
metal-support interaction influences, which results in the formation of iron aluminate or iron
silicate, which is challenging to reduce. Besides, the liquid fuels prepared by the FTS method
impose expensive separation. The process of purification and upgrading makes it costlier
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because of the present catalyst’s lack of selectivity. Therefore, forming a new generation
nanocatalyst can provide higher activity, better selectivity, recyclability, and stability. The
formation of such a catalyst is an essential aim for heterogeneous catalysis, which can signif-
icantly impact the fuel industry and chemical industries. Recently researchers are focusing on
preparing a new and highly efficient, selective nanocatalyst with nanocarbons and nanofiber
for FTS with iron or cobalt-based catalysts. These days nanocarbon has become an emerging
area informing the advanced supported catalyst due to the limited interaction with the metal
catalysts. In a few cases, nanocarbons can provide tunable support for catalyst interactions.
For example, with the help of carbon nanofibers, researchers recently developed a highly se-
lective catalyst to form lower olefins from the synthesis gas by FT to Olefins process. Many
researchers reported higher activity in FTS with an iron-based catalyst in which CNTs are
supported to produce hydrocarbons with a longer chain.91e94

This chapter will discuss SWCNT’ application as a higher surface area support for Fe3O4-
based nanoparticle catalyst to form hydrocarbons with longer chains. In heterogeneous catal-
ysis, SWCNTs have recently shown remarkable tunability and unique property in supporting
various metallic and bimetallic nanoparticle catalysts. Because of the SWCNTs’ well-defined
structure, they can have more defined and controlled types of defects tuned better to get the
desired catalytic surface properties of functionalities. Researchers postulated that incorpo-
rating defect sites in the sp2-bonded carbon network of SWCNTs might provide thermal sta-
bility against the particle growth in the Iron-based catalyst without hindering their activation.
Besides, due to the extended p-system in SWCNTs and the higher electron density, it might
be easier to reduce the IONs on the surface of SWCNTs, generating a catalytically active iron
oxides catalyst with SWCNTs. This can have an impact on product selectivity and catalyst
activity. This technique gives a homogeneous distribution of IONs within the surface of
the SWCNTs support. Compared to conventional heating, microwave irradiation’s main ad-
vantages are reaction mixture getting rapid and uniformly heated.95,96

5.2 Fe3O4-SWCNTs in electromechanical applications

As we know, the nanomaterials’ shape and size, surface properties, and size distribution
significantly impact the nanosheets’ behavior and characteristics, with the formation method
having a pivotal role in practical purposes. Formation methods also determine impurity in
the nanosheet, the degree of defects in the structure, and their distribution over the surface
can achieve. This research aimed to synthesize low-cost or cost-effective Iron-based highly
dispersive nanosheets that can be used in electromechanical applications.27,44 Regarding
the use of nanotechnology in electromechanical components, SWCNTs and Nanopowder
of Iron Oxide can be combined to create a new class of nanosheets physically stable, ther-
mally resilient, and environmentally beneficial. A cost-effective, higher strength to weight
technology based on the latest materials was developed for electrical components like trans-
formers, inductors, bobbins, and other electromechanical components to increase the compo-
nents’ life span and prevent it happening hazards because of malfunctioning, like
overheating causes fire, etc. Using the nano emulsion method in which thermodynamically
stable two immiscible substances stabilized by nonionic, anionic, or cationic surfactants,
the nanoclay of mixture can be obtained nanopowder of Iron oxide and SWCNTs.73 The
nanosheet formed from the nano clay has improved electromechanical properties like high
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strength to weight ratio, almost negligible rusting ability, Damage-tolerance, and thermal
protection and control.

The aim can achieved by (1) synthesizing a new type of stabilized iron-based nanoparticle
using a green stabilizer at a lower cost. (2) testing the stabilized nanoparticles’ effectiveness
for making small electrical components, and (3) testing the feasibility of the formed sheet’s
electrical components. In the work, we have tested the following three key research hypoth-
eses: (1) high strength to weight ratio (>5); (2) almost negligible rusting ability; the stabilized
nanoparticles will offer much greater resistivity and longevity over currently used nonstabi-
lized iron particles for rusting; (3) damage-tolerant systems: damage-tolerant systems are
consists of nanoscale approaches to increase system robustness through improved interlam-
inar interfaces, repair mechanisms, and health monitoring and (4) thermal protection and
control: Thermal management system gives the lightweight approach to protect systems
from getting damaged due to uncontrolled thermal cycling.

A new member of the carbon family called SWCNTs, which has higher thermal and elec-
trical conductivity, a larger surface area, and electro-catalytic properties can be simulated
with much interest in reducing the difficulty in realizing the new ideas for improving the per-
formance of many current and potential devices. Unique properties of Fe3O4 nanoparticles,
such as lox toxicity, strong magnetic properties, higher adsorption capacity for required bio-
molecules immobilization, etc. This section will discuss the application of Fe3O4-SWCNTs
composites in biomedical determination. The catalytic activity of Fe3O4-SWCNTs composites
can improve because of enhancing electronic communication. For example, the transfer of
charge between catalyst and support. Synergistic effects of SWCNTs and IONs components
give nanocomposites with novel physical and chemical properties and consequently increase
electrical and chemical performance. Fe3O4-SWCNTs composites can be considered one of the
most promising hybrid composites to boost the formation of more efficient electrochemical
sensors.83

5.3 Fe3O4-SWCNTs in electrochemical sensors

A device that can continuously and reversibly provide real-time and reliable information
to the surrounding medium about its chemical composition is called a chemical sensor. These
sensors’ advantages are the recognition part, which can be biological or chemical elements,
and a transducer to provide a visual signal. The interaction between recognition elements
and targets is converted to the electrical signal for getting the analytical information in elec-
trochemical sensors, among the various transducers that can be used in chemical sensors like
piezoelectric, thermal, electrical, etc. Electrochemical transducers offer low detection limits
and repeatability, high sensitivity, strong stability, wide linear response range, simplicity,
downsizing capability, and low cost. Electrochemical sensors have been successfully incorpo-
rated into field applications and commercialization.27 Usually, an electrochemical sensor is an
assembly of a working electrode in which Fe3O4-SWCNTs composites can be used, a refer-
ence in which Ag/AgCl and calomel can be used as a counter electrode, namely, cathode
or anode. Electrochemical sensors, based on recognition elements, can be classified as:

Immuno-sensors: electrochemical immunoassay techniques take advantage of higher
selectivity of recognizing the antibody and antigen molecule. Since it is a relatively simple
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device, miniaturization, and higher sensitivity, this can be used in and developed in disease
biomarkers detection fields and other diagnostic tests.73

Chemically modified electrochemical sensors: the electrode in these sensors made up of
Fe3O4-SWCNTs composites are chemically modified deliberately. Typically, the electrode
modification consists of either coating the electrode or on the surface of electrode bounding
of required modifiers, which can alter the electrochemical properties of the Fe3O4-SWCNTs
composites electrodes. For modifying electrodes within the electrode, the electro-catalytic me-
dium’s inclusion is one of the attractive approaches. Organic, inorganic, or hybrid composites
can change the electrode composition to achieve specific sensing requirements.83

Enzymatic electrochemical sensor: by immobilizing the enzyme layer on the electrode
surface, which is made by Fe3O4-SWCNTs composites for responding to the interactions
occurring because of the bicatalytic reaction in the presence of the target substrate, this
type of sensor can fabricate. In a few biosensors, enzymes and targets can be involved in
the reduction or oxidation of the reaction with the help of an electrochemical transducer
which can convert it into an electrical signal. Enzymes provide various advantages like
higher selectivity, higher sensitivity, and relatively faster response because enzymes show
catalytic activity, decreasing response time and hence sensitivity increases but losing its ac-
tivity because of immobilization.92

5.4 Some other applications of Fe3O4-SWCNTs

Magnetite/SWCNTs synthesized with solvothermal methods can effectively eliminate both
bacteriophage and bacteria in water. It is also capable of removing a variety of pathogens. Iron
oxide, mainly Fe3O4/SWCNTs nanoparticles, can be used as an adsorbent in treating waste-
water. Various other applications of Fe3O4/SWCNTs hybrids are shown in Table 14.1.

TABLE 14.1 Some other applications of Fe3O4-SWCNTs.

Compositions Applications References

Fe3O4-SWCNTs aerogel Arsenic ions can remove from the water. 74

Fe3O4-SWCNTs Higher electrochemical adsorption ability of inorganic
arsenic species.

75

Fe3O4-SWCNTs supported with
cyclodextrin

From wastewater, heavy metals can remove. 76

Magnetic mesoporous silica and Fe3O4-
SWCNTs modified with polyethylenimine

These hierarchical composites can be used for the synthetic
adsorptive simultaneous removal of humic acid and metal
ions.

77

Magnetic and conductive- Fe3O4-SWCNTs
based multifunctional membrane or film

It can be used in water desalination. It can also use in
catalysis, biomedical fields, radiation shielding devices, and
supercapacitors.

78

SWCNTs- Fe3O4 This act as a super adsorbent for removing 1-naphthol,
naphthalene, and 1-naphthylamine with different polarity.

79

3D Fe3O4 foam supported with SWCNTs It can be used as an anode in a lithium battery 80
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6. Conclusion and future scope

The composites of IONs and SWCNTs, in unique morphological forms like Fe2O3-
SWCNTs and Magnetite (Fe3O4)-SWCNTs Composites, Fe3O4-SWCNTs Aerogels, bicompo-
nent magnetite-SWCNTs and multi-component magnetite- SWCNTs, etc., can be blend
together by various techniques like solvothermal and hydrothermal techniques. The synthe-
sized composites can be used in many current and future applications, including sensor,
biosensor, and analytical applications and the degradation and removal of water pollutants
in environmental remediation. These applications include electrical components like trans-
formers, inductors, bobbins, and other electromechanical components, materials for Li-Ion
battery anodes, supercapacitors, SWCNTs-ferrofluid-cement for construction.97e101
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1. Introduction

Nanocomposites are ubiquitously found in nature. Almost all the stiff biological materials,
such as wood, bone, teeth, insect cuticles, crustacean shells, mollusk shells, silk, antlers, fish
scales, etc., are nanocomposites.1,2 These materials are light-weight but have high strength,
stiffness and/or toughness primarily to serve the structural function, thanks to their nano-
scale reinforcement phase combined with intelligently designed composite structure from
nano-to-macroscale. In some materials, for example, wood and insect cuticles, a polymer ma-
trix is reinforced by nanoscale polymer fibersdcellulose or chitin. Whereas, in some mate-
rials, for example, crustacean shells, mollusk shells, bone and teeth, a polymer (including
nanoscale fibrous) matrix is reinforced by nanoscale mineral particles. Geared from the
outstanding properties of these biological nanocomposite materials, there has been a recent
research hype to synthesize novel light-weight and high-strength nanocomposite materials
with added functionalities by utilizing nanoscale reinforcement phase.

Today, diverse kinds of nanoscale reinforcements are known to us, either organic-natural
origin (such as cellulose and chitin nanofibers),3e7 inorganic-natural origin (such as clay
nanoplatelets),8 organic-synthetic origin (such as Kevlar, polyester, and silk nanofibers),9e12

inorganic-synthetic origin (such as carbon nanomaterialsecarbon nanotubes, carbon nanofib-
ers, graphene nanoribbons, etc.),8 or hybrid origin (such as silk-clay composite
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nanofibers).10,12 Cellulose nanofibers (CNFs) that are readily extractable from plants,3e5 and
chitin nanofibers (ChNFs) that are readily extractable predominantly from crustacean sour-
ces,7 both being the most earth-abundant natural reinforcement nanomaterials, renewable,
and biodegradable, they already have received a substantial attention in the first-quarter of
the 21st century. Moreover, because CNFs and ChNFs are highly crystalline in nature having
hydrogen-bonded extended polysaccharide chains, they have very high mechanical strength
and thermal stability, especially which of CNFs are comparable to or even better than Kevlar,
carbon fiber, or steel (Table 15.1). In addition, they have the unique ability to form strong
network via hydrogen bonding in the polymer matrix that promotes the mechanical proper-
ties, and are amenable to chemical modification to introduce further functionalities.

CNFs were first utilized as the reinforcement in the polymer matrix by Favier et al. in
1995.35,36 They used mixed-aspect-ratio tunicate cellulose nanowhiskers having a width of
10e20 nm and a length ranging from 100 nm to several micrometers. The nanowhiskers
(0e14 wt%) were mixed with the styrene-butyl-acrylate copolymer latex. A 6 wt% nano-
whiskers content in the composite film achieved more than two orders of magnitude higher
mechanical properties than that of the neat copolymer film. A major breakthrough in obtain-
ing CNF-reinforced “functional” nanocomposites was made by Yano et al. in 2005.37 They
used long, high-aspect-ratio CNFs (w50 nm wide and several micrometers long) from bacte-
ria (BCNFs) to prepare a (nano)paper followed by impregnation and polymerization of the
transparent monomer resins into it. Apart from the high mechanical improvement over the
neat polymers, the nanocomposites were highly flexible, optically transparent (>80% light

TABLE 15.1 Properties of crystalline cellulose, chitin, and various other reinforcing materials.

Material
Density
(G CML3)

Tensile strength
(GPA)

Elastic modulus
(GPA)

Coefficient of
thermal
expansion (CTE)
(ppm kL1) References

KEVLAR-49 FIBER 1.4 3.6e4.1 124e131 �2.0 13,14

CARBON FIBER 1.8 1.5e5.5 150e500 �0.6 14

MILD STEEL e 0.4e0.6 194e243 e
15

HIGH STRENGTH STEEL e 0.8e0.9 207e242 e
15

STAINLESS STEEL 7.8 0.4e1.8 193e204 10.2e17.2 14

CLAY NANOPLATELETS e e 170 e
16

CARBON NANOTUBES e 11e63 270e950 e
17,18

BORON NANOWHISKERS e 2e8 250e360 e
19

CNF (crystalline) 1.6 2e7.7 w140 0.1a, 6b 20e31

ChNF (crystalline) 1.6 1.6e3 41e70 21 32e34

aCTE was measured in an all-cellulose composite using a thermomechanical analyzer.24
bCTE of the wood cellulose crystal was measured using X-ray diffraction.31

Adapted with permission from Moon RJ, Martini A, Nairn J, Simonsen J, Youngblood J. Cellulose nanomaterials review: structure, properties
and nanocomposites. Chem Soc Rev 2011;40:3941e3994 © 2011 The Royal Society of Chemistry.
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transmittance), combined with a coefficient of thermal expansion (CTE) as low as 6 ppm K�1

(about 8e33 times lower than that of the most transparent and flexible plastics). Because the
width of the BCNFs was one-10th of the visible light wavelengths, the nanocomposite was
highly optically transparent even at a BCNFs content as high as 70 wt%. The CTE was com-
parable to that of “brittle” glass (7e10 ppm K�1),38 which is the mostly used transparent sub-
strate in the optoelectronic devices such as solar cells, displays, organic light-emitting diodes
(OLEDs), etc. Because of their desirable material properties and amenability for the “roll-to-
roll” processing, the BCNF-reinforced transparent nanocomposite films were regarded as the
suitable substrate for the optoelectronic devices.39e41

After the great achievement by Yano et al.,37 there has been a boom in the nanocellulose-
based (transparent) materials research that still continues. Note that, nanocellulose is the col-
lective term of all forms of the nanoscale cellulose, such as CNFs, cellulose nanowhiskers, cel-
lulose nanocrystals (CNCs), or cellulose nanorods (CNs). Inspired by the optically transparent
nanocomposites reinforced by CNFs, research on the nanocomposites reinforced by ChNFs
(extracted predominantly from crustacean shells) followed. Note that, chitin is the second
most abundant biopolymer after cellulose with an annual production between 1010 to 1012

tons.42 In this chapter, we describe preparation of nanocelluloses and nanochitins in general,
and give an overview of the earliest to latest studies on their optically transparent nanocom-
posites and the future application thereof, with a particular focus on the pioneering works
done at the Research Institute for Sustainable Humanosphere, Kyoto University in Japan.

2. Preparation of nanocelluloses

Nanocellulose, which generally refers to all types of nanometric cellulosic fibers, can be
classified into two main subcategories.(1) CNFs, which have a semi-crystalline structure, a
width of 3 w <100 nm, and a length of several micrometers; therefore, they have a very
high aspect ratio (ca. >100). (2) Cellulose nanowhiskers, nanocrystals, or nanorods (CNCs
or CNs), which have a very high crystallinity, but much shorter length (usually <1 mm).
The nanocelluloses can be obtained from wood, plants, tunicate, algae, and bacteria.3e5

The most viable sources are the woods and plants, considering a global production of approx-
imately 100 billion tons per annum through photosynthesis.43

2.1 Preparation of CNFs

Shortly after the appearance of the first report on BCNF-reinforced optically transparent
nanocomposite by Yano et al.,37 the research was exaggerated to extract CNFs from more
readily available sources, that is, wood and nonwood plants. Note that, in Wood Science,
CNFs are commonly known as the elementary fibrils or microfibrils (3e5 nm wide) and their
bundles (15e50 nm wide). CNFs are the main component of the plant cell (fiber) wall
(Fig. 15.1). To extract CNFs, the cellulose fibers (i.e., pulp fibers) are first liberated by chem-
ically removing and/or degrading the matrix substancesdlignin and hemicelluloses. The wa-
ter/fiber slurry is then mechanically nano-fibrillated by passing several times through a
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grinder,44 high-pressure homogenizer or microfluidizer,45e49 or high intensity ultrasonic
equipment.50,51 Due to the strong mechanical treatment, the original crystalline structure of
the cellulose fibrils get damaged that results in lowering the strength of the nanocelluloses.
In 2007, Abe et al.44 developed a method to obtain CNFs in native (unmodified) state with
a uniform 15 nm width via “one-pass” grinder treatment (Fig. 15.2A). The CNFs obtained
were high in crystallinity (w80%), owing to the much milder mechanical treatment.

The mechanical nano-fibrillation of cellulose fibers can be facilitated by swelling and loos-
ening the interfibrillar hydrogen bonds via chemical or enzymatic pretreatments.48e50,52e54

A chemical pretreatment usually modifies the cellulose surface by introducing electrostatic
repulsive charges that facilitate liberation of the thin individualized CNFs during the mild

MF (CNF)

3–5 nm wide

FIGURE 15.1 Illustration of the hierarchical structure of wood on different length scales.
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mechanical treatment. As for example, TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)-
mediated oxidation introduces carboxylate groups to the cellulose surface,50,52 which facili-
tates liberation of CNFs having an elementary width (3e5 nm) even by simple magnetic stir-
ring (Fig. 15.2B). On the other hand, the enzymes preferentially attack the amorphous part of
the cellulose microfibrils but do not modify the cellulose, and hence reduce the energy con-
sumption during the mechanical nano-fibrillation.48,49,53

2.2 Preparation of CNCs

CNFs are highly crystalline in nature and contain both highly ordered, highly hydrogen
bonded crystalline regions, and disordered amorphous regions (Fig. 15.3A). The amorphous
regions can be cleaved by acid hydrolysis to retrieve the crystalline parts, that is, CNCs
(Fig. 15.3BeD).55,56 CNCs are also known as cellulose nanowhiskers or cellulose nanorods
(CNs). Due to the high order and intimate packing of the cellulose molecules via hydrogen
bonding, the CNCs have a high axial modulus (stiffness) of w140 GPa. However, it has
been found that the CNFs promote strength and modulus of the nanocomposites better
than the CNCs, owing to their larger aspect ratio and extensive fiber entanglement.57

Hydrolysis of the amorphous regions has been performed by sulfuric acid (H2SO4),
58 hy-

drochloric acid (HCl),56,59,60 maleic acid,61 and formic acid.62 An important aspect of H2SO4
hydrolysis is that it introduces the sulfonate ester charge groups on the CNC surface, thereby,
leads to a stable CNC/water suspension via electrostatic repulsion.5,56 In contrast, CNCs can
be obtained in an unmodified state by using other acids such as HCl.56 The width, length and
crystallinity of the CNCs can be tweaked by varying the hydrolysis condition, for example,
acid concentration, time and temperature. Typically, the width varies between 3 and
20 nm, and length is <500 nm (but may vary between 50 and 4000 nm).5 The crystallinity

a b

FIGURE 15.2 (A) FE-SEM micrograph of the isolated native CNFs from wood. (B) TEM micrograph of TEMPO-
oxidized CNFs (surface modified; carboxylate content 1.5 mmol g�1) with 3e4 nm in width. Both nanofibers were
prepared under a never-dried condition. Reproduced/adapted with permission from (A) Zimmermann T, Bordeanu N, Strub
E. Properties of nanofibrillated cellulose from different raw materials and its reinforcement potential. Carbohydr Polym
2010;79:1086e1093; and (B) Henriksson M, Henriksson G, Berglund LA, Lindström T. An environmentally friendly method
for enzyme-assisted preparation of microfibrillated cellulose (MFC) nanofibers. Eur Polym J 2007;43:3434e3441 © 2007
American Chemical Society.
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of wood- and plant-based CNCs can be 54%e88%, while the crystallinity of tunicate CNCs
can be 85%e100%.5 Note that the early introduction of nanocelluloses as the reinforcement
was in the form of CNCs, perhaps, because of their ease of isolation via acid hydrolysis.

3. Preparation of nanochitins

Chitin is a linear natural polysaccharide of b-(1-4)-2-acetamido-2-deoxy-D-glucopyranose.
It is structurally and chemically similar to cellulose, but an acetoamide group is present at the
C-2 position of the anhydroglucose unit instead of the hydroxyl group (Fig. 15.4). After cel-
lulose, chitin is the most abundant naturally occurring polysaccharide on earth.6,7 Like

Cellulose: R= OH Chitin: R= NHCOCH3

FIGURE 15.4 Chemical structure of cellulose and chitin.

FIGURE 15.3 (A)Model CNFswith
the semi-crystalline configuration, (B)
CNCs that can be retrieved after the
removal of amorphous (disordered) re-
gions via acid hydrolysis, (C) CNCs
retrieved from wood fibers, and (D)
CNCs retrieved from tunicin. Adapted/
reproduced with permission from Ref. Moon
RJ, Martini A, Nairn J, Simonsen J,
Youngblood J. Cellulose nanomaterials re-
view: structure, properties and nano-
composites. Chem Soc Rev 2011;40:3941
e3994 © 2011 The Royal Society of
Chemistry.
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cellulose, chitin is also highly crystalline (mostly a-chitin). The a-chitin (with antiparallel mo-
lecular arrangement) is mainly found in the external skeletons (shells) of mollusks, crabs,
shrimp, and insects, and in the fibrous material of cellular walls of mushrooms and
algae.6,7,32,63,64 The b-chitin (with parallel molecular arrangement) is mainly found in the
squid pens and tubeworms.7,32,65 The crustacean shells (crabs, shrimps, lobsters, etc.) are
composed of around 15%e40% chitin,66 and the main source of industrial chitin. Inspired
by the reinforcing effect provided by nanocelluloses, study on the isolation and utilization
of nanochitins as the reinforcing element in the nanocomposites followed.

3.1 Preparation of ChNFs

Fig. 15.5 shows the hierarchical structure of the crustacean shell. Similar to cellulose, chitin
also occurs in nature as the ordered nanofibrils of 2e5 nm in width, which are clustered into
thicker chitin-protein nanofibers of 50e300 nm in width and embedded in a variety of pro-
teins, lipids and minerals.67 To isolate ChNFs from such a complex matrix, the mineral is
removed first typically using a dilute HCl that produces a water-soluble salt. In the next
step, removal of protein and lipid is done. Typically, sodium hydroxide (NaOH) or KOH so-
lution is used with variations in the reaction temperature and time. Alkaline reaction condi-
tion usually resulted in the partial deacetylation of chitin into chitosan with the amino
(eNH2) group at the C-2 position. Therefore, the concentration of alkali should be chosen
wisely so that a trace amount of deacetylation occurs. Generally, 4%e5% alkali is used
with a suitable combination of reaction temperature and time.68,69 The final step of the chitin
purification is either the removal of pigment composition using an organic solvent (such as
ethanol),68 or bleach the chitin sample using an acidified NaClO2 solution.

69

FIGURE 15.5 Illustration of the hierarchical structure of crustacean shell on different length scales. Reproduced
with permission from Ref. Hülsey MJ. Shell biorefinery: a comprehensive introduction. Green Ener Environ 2018 3:318e327 ©

2018 Elsevier.
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After chitin purification from the source materials, the mechanical nanofibrillation method
is same as for the CNFs as described above. However, the most important condition to obtain
uniform and well-dispersed ChNFs is to introduce electrostatic repulsive charges on the sur-
face of the chitin. Like cellulose, TEMPO-mediated oxidation can form C-6 carboxylate group
on the chitin molecule, which gives negative repulsive charge in water.7,70 Therefore, uniform
and well-dispersed ChNFs can be obtained after the mechanical treatment. Another facile
way to introduce electrostatic (positive) repulsive charge is to add few drops of acids
(such as acetic acid or HCl) to maintain the pH of the chitin/water slurry at 3-4 during the
mechanical treatment.7,71 The isolated chitin usually contains small amounts of the C-2 amino
group (due to the deacetylation during the chemical purification), which become suitably cat-
ionized at pH 3-4 and facilitate nanofibrillation in a width of 3e4 nm (Fig. 15.6A).71 Shams
and his coworkers68,72,73 took this advantage to fibrillate ChNFs in a uniform width of
20e30 nm simply by using a house-hold food blender (Fig. 15.6B and C).

b c

a

FIGURE 15.6 (A) Photographs of dispersions of squid pen b-chitin prepared by ultrasonication in water at pH
3e8 with their corresponding transmittance spectra. At pH 3e4, the dispersions are optically clear due to the thinner
and well-dispersed ChNFs. (B) SEM image of ChNFs extracted from crab shells via a high-speed blender in water at
pH 7. (C) SEM image of ChNFs extracted from crab shells via a high-speed blender in water at pH 3e4. Reproduced
with permission from (A) Fan Y, Saito T, Isogai A. Preparation of chitin nanofibers from squid pen b-chitin by simple me-
chanical treatment under acid conditions. Biomacromolecules 2008;9:1919e1923 © 2008 American chemical society; and
(B,C) Shams MI, Ifuku S, Nogi M, Oku T, Yano H. Fabrication of optically transparent chitin nanocomposites. Appl Phys A
2010;102:325e331.
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3.2 Preparation of ChNCs

Chitin nanocrystals or nanowhiskers (ChNCs) can be obtained by acid hydrolysis of puri-
fied chitin.74e78 The early chitin nanocomposites were reinforced by ChNCs.74,75 Typically,
3N HCl is used at 90e95�C for 90 min to prepare ChNCs of 15e20 nm in width and
200e300 nm in length. Fan et al.70 reported the preparation of ChNCs using TEMPO-
mediated oxidation followed by ultrasonic treatment. These ChNCs can be considered as
the surface-modified ChNCs as carboxylate groups are present on the crystal surface. The
ChNCs prepared by this method are thinner in width (8 nm) with a length of 340 nm. How-
ever, we noticed that, in literature, mostly ChNFs were used as the reinforcement in the trans-
parent nanocomposites rather than ChNCs, probably owing to their facile extraction from
bioresources (compared to CNFs) and their larger aspect ratio than ChNCs that promote
extensive nanofiber entanglement and hence mechanical performance of the nanocomposites.

4. Bionanofiber-reinforced optically transparent composites

4.1 Transparent nanocomposites reinforced by individualized nanofibers

4.1.1 BCNFs-reinforced transparent nanocomposites

The first report on the fabrication of optically transparent nanocomposites reinforced with
CNFs was published by Yano et al. in 2005.37 CNF-scaffold spun by bacteria (Acetobacter
xylinum) was compressed and dried to form a (nano)paper, and subsequently submerged
into the transparent resin monomers (such as epoxy and acrylic resin) followed by polymer-
ization. The small pores in the (nano)paper were replaced by the resin, and the nanocompo-
sites (Fig. 15.7A) thus obtained with a BCNF-content of 60e70 wt% had an astonishing

FIGURE 15.7 (A) Photograph of a 65-mm-thick BCNFs/acrylic resin nanocomposite (BCNF content 60 wt%). (B)
Total (filled circle) and regular (open circle) light transmittances of the nanocomposites in relation to the refractive
index of the corresponding acrylic resin at 20�C and 590 nm wavelength. Reproduced with permission from (A) Yano H,
Sugiyama J, Nakagaito AN, Nogi M, Matsuura T, Hikita M, Handa K. Optically transparent composites reinforced with
networks of bacterial nanofibers. Adv Mat 2005;17:153e155 © 2005 willey; and (B) Nogi M, Handa K, Nakagaito AN, Yano
H. Optically transparent bionanofiber composites with low sensitivity to refractive index of the polymer matrix. Appl Phys Lett
2005;87:243110 © 2005 American Institute of Physics.
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combination of material properties: (1) a high optical transparency (>80%), about 10% lower
than that of the neat resin, (2) a high flexibility similar to the neat resin, (3) an elastic modulus
of up to 21 GPa, five times higher than that of the engineered plastics, (4) a high strength of
up to 325 MPa, and (5) an incredibly low CTE of 6 ppm K�1 (BCNFs/epoxy nanocomposite),
20 times lower than that of the neat epoxy. Because the width of the BCNFs in the bacteria-
spun scaffold was about one-10th of the visible light wavelengths (w50 nm), the light prop-
agated through the nanocomposites was almost free from scattering.79 Therefore, the nano-
composites were highly optically transparent even at a BCNFs content as high as 70 wt%.
As for the high mechanical and thermomechanical properties, the strong and thermally stable
nanofibers (see Table 15.1) produced a strong, highly entangled network via hydrogen
bonding in the (nano)paper, which was still maintained after the polymer impregnation.
The intact strong network gave the nanocomposites a high mechanical strength and stiffness,
and drastically restricted the high thermomechanical deformation of the polymer matrix.
These nanocomposites can be simply described as the unique materials that are as trans-
parent and thermally stable as glass, as strong as steel, and as flexible as plastic.

Realizing the potential of the nanocellulose-reinforced nanocomposites in application such
as the substitute substrate of glass in flexible and light-weight optoelectronic devices such as
flexible displays and solar cells, Yano’s research group did further studies using BCNFs as the
model. First, they studied the effect of refractive index variations between the resin and
BCNFs on their nanocomposites.80 Acrylic resins with refractive indices from 1.492 to 1.636
were used. Note that the refractive index of cellulose is 1.618 along the fiber and 1.544 in
the transverse direction. The nanocomposites were 56e63 mm thick, and the nanofiber con-
tent was 56e62 wt%. Fig. 15.7B shows that even the refractive indices of the nanofibers
and the resins were not exactly matching, the nanocomposites were still optically transparent
due to the much less width of the nanofibers than the visible wavelength.79 However, the
highest transparency was obtained with the resin having a refractive index right about the
same as the average of the refractive indices of the cellulose along and perpendicular to
the fiber direction.

Further studies revealed that some properties of the BCNF-reinforced nanocomposites can
be improved by surface acetylation of the BCNFs.81,82 A practical disadvantage of cellulose is
that it is naturally hydrophilic due to the presence of hydroxyl groups in their molecular
chains, making nanocelluloses less compatible in the hydrophobic polymer matrix (note
that most resins are hydrophobic in nature) in addition with high susceptibility of the nano-
composites to moisture. These issues may cause phase-separation between the resin and
nanofibers, resulting in degradation of the nanocomposite properties (both mechanical and
optical). Surface acetylation of cellulose can introduce hydrophobic nature to it by replacing
hydroxyl groups with acetyl groups (Fig. 15.8A) and resolve those issues. Fig. 15.8B shows
that the moisture content of the BCNFs/acrylic resin nanocomposites reduced up to an op-
timum acetyl degree of substitution (DS) of w0.6. However, more acetylation to BCNFs
beyond DS ¼ 0.6 increased the moisture content of the nanocomposites, demonstrating
that increased acetylation degree can degrade the crystalline structure of cellulose making
it more susceptible to moisture.

Surface acetylation also helps to fine tune the refractive index of cellulose to match that of
the suitable or desirable resin matrix in order to obtain high optical transparency in the nano-
composites.81,82 For example, acetylated BCNFs nanocomposites with the tricyclodecane
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FIGURE 15.8 (A) Chemical structure of acetylated cellulose. Note that the presence of acetyl groups only at C-6
position is shown here, but depending on the severity of acetylation treatment, the acetyl group may present at C-2
and/or C-3 position. Moisture content (B) and optical transmittance at 580 nm (C) of the BCNFs/acrylic resin
nanocomposites as the function of acetylation DS of BCNFs. (D, E) optical transmittance spectra of the nano-
composites before (solid line) and after heating at 200�C for 1 h (dotted line) and 3 h (broken line). The DS of BCNFs
in (E) was only 0.17. The acrylic resin used in (BeE) was tricyclodecane dimethanol dimethacrylate (TCDDMA). (B,C)
Reproduced with permission from Ifuku S, Nogi M, Abe K, Handa K, Nakatsubo F, Yano H. Surface modification of bacterial
cellulose nanofibers for property enhancement of optically transparent composites: Dependence on acetyl-group DS. Bio-
macromolecules 2007;8:1973e1978. © 2007 American chemical society; and (D,E) Reproduced/adapted with permission from
Nogi M, Abe K, Handa K, Nakatsubo F, Ifuku S, Yano H. Property enhancement of optically transparent bionanofiber com-
posites by acetylation. Appl Phys Lett 2006;89:233123 © 2006 American institute of physics.
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dimethanol dimethacrylate (TCDDMA) resin matrix had an optimum DS of w0.7 for highest
optical transparency (Fig. 15.8C). At this acetylation DS, the refractive index of cellulose suit-
ably changed to closely match that of the TCDDMA (1.532). Therefore, the optical transpar-
ency loss of neat TCDDMA (91.2%) was only 3.4% for acetylated BCNFs nanocomposites
compared to 13.0% for untreated one, even at a BCNFs content as high as 63%. Furthermore,
the degradation in optical transparency of the nanocomposites at elevated temperature
(200 �C) was significantly reduced by acetylation treatment (Fig. 15.8D and E), which is a
desirable trait for the flexible and transparent substrates for optoelectronic devices. However,
acetylation of BCNFs did not improve the CTE of the nanocomposites (w10 ppm K�1),
because the interaction among the nanofibers was weak due to the reduced interfibrillar
hydrogen bonding from acetylated surface.82

Nogi and Yano39 developed an interesting strategy to further reduce the CTE of the BCNFs
reinforced nanocomposites to the level of that of silicon crystals (3 ppm K�1)dthe mostly
used semiconducting material in optoelectronic devices. Instead of compressing the CNF-
scaffold spun by bacteria (Acetobacter xylinum), they utilized its natural anisotropic porous
structure along with the meticulous choice of a transparent resin (2.2-bis[4-(acryloxypolye-
thoxy)phenyl]propane; ABPE-10). The elastic modulus of the resin used was only
0.025 GPa, therefore, the negligible thermomechanical stress generated in the planar direction
of the nanocomposites was effectively restricted by the highly entangled planar BCNFs
network (Fig. 15.9A and B). Only a 5 wt% BCNFs was enough to reduce the CTE of the resin

FIGURE 15.9 (A) Macroscopic and (B,C) FE-SEM images of BCNF-scaffold, where (B) shows the planar exten-
sively entangled structure, and (C) shows the relatively weak interaction of BCNFs in the thickness direction.
(D) Photograph of the nanocomposite containing only 5 wt% BCNFs but having a CTE of only 4 ppm K�1. (E)
Photograph of the weak neat resin film. Reproduced/adapted with permission from Nogi M, Yano H. Transparent nano-
composites based on cellulose produced by bacteria offer potential innovation in the electronics device industry. Adv Mater
2008;20:1849e1852 © 2008 Willey.
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from 245 ppm K�1 to 4 ppm K�1; in contrast, when a resin (TCDDMA) with an elastic
modulus of 2.5 GPa was used, an addition of 7.4 wt% BCNFs only reduced the CTE from
86 ppm K�1e38 ppm K�183 However, the CTE of the nanocomposite in the thickness direc-
tion was very high at 555 ppm K�1 due to the weak interaction of the BCNFs (Fig. 15.9C). But,
the high CTE in thickness direction should not be a big issue in the practical application due
to the thinness of the nanocomposite. Also, due to the use of low BCNFs content, the trans-
parency (82% @ 700 mm thickness) and flexibility (elastic modulus only 0.3 GPa) of the nano-
composite were satisfactorily high (Fig. 15.9D), and the foldability of the nanocomposite was
improved compared to that of the neat resin film (Fig. 15.9E).

4.1.2 Plant/wood-based CNFs-reinforced transparent nanocomposites

In the early stage of the research on CNF-reinforced optically transparent nanocomposites,
BCNFs served as the perfect and ready-made model of the CNFs. But, the plants and wood
are the most viable and industrially upscalable source of CNFs (also see Fig. 15.1). Therefore,
attempt to extract CNFs from the commercial pulps by Yano’s research group started imme-
diately after their success using BCNFs. The commercial pulps were mechanically nanofibril-
lated using a grinder having two grind stones assembled in a rotor-stator configuration. It
was found that more than 5 passes through the grinder are needed to achieve sufficient nano-
fibrillation of the pulp to obtain a nanocomposite having a similar transparency (80%e85% at
600 nm wavelength) as the BCNF-reinforced nanocomposites at a similar or even higher
nanofiber content (73e88 wt%) (Fig. 15.10AeC).84,85 However, the increased number of
grinder passes of the pulp mechanically degraded the crystal structure of cellulose resulting
in the gradual decrease in strength and elastic modulus, and the corresponding increase in
CTE of the nanocomposites (Fig. 15.10DeF). Compared to the low CTE (6 ppm K�1) and
high elastic modulus (up to 21 GPa) of the BCNF-reinforced nanocomposites, the plant/
wood-based CNFs-reinforced transparent nanocomposites had a CTE of ca. 17e23 ppm K�1

and an elastic modulus of ca. 7e8 GPa.
To obtain CNFs in unmodified state with minimal damage, Abe et al. developed a simple

technique in which the pulp was kept in a never-dried state until the grinder treatment.44

Therefore, they could avoid the hornification (generation of strong hydrogen bonds among
the microfibrils), which occurs during the drying processes in a typical pulping method.
As a result, they succeeded in extracting CNFs with a uniform width of 15 nm from wood
pulp by passing it only once through the grinder (Fig. 15.2A). The thinner and high-
quality CNFs resulted in a nanocomposite (with TCDDMA matrix) with a high transparency
(81% @ 85 wt% CNFs content), low CTE (w10 ppm K�1), high strength (up to w300 MPa),
and high elastic modulus (up to w16 GPa). Later, Okahisa et al.40 utilized a combination of
surface acetylated wood CNFs and low-modulus resin (ABPE-10) to produce a nanocompo-
site of high optical transmittance (up to 85%), high flexibility, and low CTE (12 ppm K�1),
only at a CNFs content 35e40 wt%. Note that, the wood CNFs (nano)paper prepared in
that study was most probably similar in microstructure as that of a compressed BCNF-
scaffold, rather than that of an uncompressed porous one (Fig. 15.9C).

4.1.3 ChNFs reinforced transparent nanocomposites

The first report of an optically transparent nanocomposite reinforced by ChNFs is due to
Ifuku et al. in 2010.86 The grinder-extracted ChNFs (10e20 nm in width) from commercial
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crab shell powder were used at a content of 60 wt% to reinforce the TCDDMA acrylic resin
following the (nano)paper impregnation method described above. The nanocomposites ob-
tained had a high optical transparent of 88%e90% at 600 nm wavelength (Fig. 15.11A). Inter-
estingly, the optical transparency of the ChNF-reinforced nanocomposites was similar to that
of acetylated-BCNF-reinforced nanocomposites at a similar nanofibers content. It may indi-
cate that the naturally acetylated ChNFs are less hydrophilic than CNFs, therefore, had a
close affinity to the hydrophobic resin, and also, the refractive index of them was probably
suitably close to that of the TCDDMA resin (1.532). Fig. 15.11B shows that the suitable refrac-
tive index of the transparent resin to obtain ChNF-reinforced nanocomposites with highest
optical transparency is between 1.50 and 1.53.87

More detailed studies by Shams et al.68,88 and Ifuku et al.,87 revealed that ChNFs (extracted
from crab shell using a simple high-speed blender and a grinder, respectively) are better re-
inforcements for transparent resins than the nonacetylated CNFs (extracted from wood using
a grinder) in terms of high optical transparency (Fig. 15.11C) and high resistance to heating to
a temperature as high as 200 �C (Fig. 15.11D). The elastic moduli and tensile strengths of the
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FIGURE 15.10 (A) The first transparent nanocomposite reinforced by 70 wt% plant/wood-based CNFs. (B) FE-
SEM image of the 15-pass grinder treated CNFs from commercial pulp fibers. Regular transmittance at 600 nm
(C), elastic modulus (D), stress-strain behavior (E) and CTE (F) of the nanocomposites in relation to the grinding pass
number. (BeF) The acrylic resin used in (A and CeF) was TCDDMA. (A) Reproduced with permission from Iwamoto S,
Nakagaito AN, Yano H, Nogi M. Optically transparent composites reinforced with plant fiber-based nanofibers. Appl Phys A
2005;81:1109e1112 © 2005 springer-verlag; and (BeF) Reproduced/adapted with permission from Iwamoto S, Nakagaito AN,
Yano H. Nano-fibrillation of pulp fibers for the processing of transparent nanocomposites. Appl Phys A 2007;89:461e466 ©

2007 Springer-Verlag.
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resins were significantly increased by up to 3 GPa and 44 MPa, respectively, at a ChNF-
content of 40 wt%. The CTE of the resins was drastically decreased up to 90% to a lowest
value of 16e18 ppm K�1 (Fig. 15.11E), slightly higher than that of CNF-based nanocompo-
sites. Again, it was observed that the CTE of low-elastic-modulus resins reduced significantly
compared to that of rigid resins, because the thermomechanical deformation stress generated
in the low-modulus resins was negligible enough to almost completely suppress by the
ChNFs network. Later, Biswas et al.72,73 demonstrated transparent nanocomposites with an
above similar set of properties reinforced by ChNFs extracted from shrimp shell using a sim-
ple kitchen blender. Meanwhile, acetylation of ChNFs extracted from crab shell did not

FIGURE 15.11 (A) The first transparent nanocomposite reinforced by 60 wt% crab-shell ChNFs. (B) Regular light
transmittance of the ChNF-reinforced nanocomposites at 600 nm wavelength versus the refractive index of their
corresponding acrylic resin matrices. (C) Regular light transmittance of acrylic resin film (I), ChNF nanocomposite
(II), and CNF nanocomposite (III). (D) Regular light transmittance of ChNF nanocomposite and CNF nanocomposite
against heating time at 200�C. ChNF nanocomposite: 600 nm wave length (circle filled) and 400 nm (circle open). CNF
nanocomposite: 600 nm (square filled) and 400 nm (square open). (E) CTE of different acrylic resin films and their
ChNF-reinforced nanocomposites. In (BeE), the nanocomposites had a nanofiber-content of w40 wt%. Reproduced
with permission from (A, E) Ifuku S, Nogi M, Yoshioka M, Morimoto M, Yano H, Saimoto H. Fibrillation of dried chitin into
10e20 nm nanofibers by a simple grinding method under acidic conditions. Carbohydrate Polym 2010;81:134e139© 2010
Elsevier; (B) Ifuku S, Morooka S, Nakagaito AN, Morimoto M, Saimoto H. Preparation and characterization of optically
transparent chitin nanofiber/(meth)acrylic resin composites. Green Chem 2011;13:1708e1711 © 2011 The Royal Society of
Chemistry; (C) Shams MI, Ifuku S, Nogi M, Oku T, Yano H. Fabrication of optically transparent chitin nanocomposites.
Applied Physics A 2010;102:325e331 © 2010 springer-verlag; and (D) Shams, M. I.; Yano, H. Simplified fabrication of
optically transparent composites reinforced with nanostructured chitin. J Polym Environ 2013;21:937e943 © 2013 springer.
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improve the transparency and CTE of the nanocomposites with the TCDDMA matrix
compared to that of the raw-ChNFs/TCDDMA nanocomposites.89 Therefore, ChNFs are
equally potential reinforcements to transparent resins as the CNFs, which do not need any
sophisticated equipment to extract from the source materials nor any chemical modification
to fabricate highly optically transparent nanocomposites.

4.1.4 A new method to obtain bionanofibers-reinforced transparent
nanocomposites

It is known that nanocelluloses are intrinsically hydrophilic and typically extracted in wa-
ter that pose difficulties to mix them with hydrophobic resins (most resins are hydrophobic).
Problems include nanocellulose agglomeration (uneven dispersion), phase separation be-
tween components, etc., that may cause inferior mechanical and optical properties of nano-
composites. Hydrophobic surface modification of nanocelluloses is a typical route to
resolve these issues, which is time consuming and requires hazardous chemicals. In this
respect, impregnation (IM) method described above can be considered as a facile and versa-
tile method, because any liquid resin can be imbibed through the micro (air) gaps by capillary
action in the (nano)paper that has an already well-dispersed nanofiber-network interlocked
by strong hydrogen bonds. Yet, surface modification to nanocelluloses can improve some
properties of the nanocomposites prepared by this method as discussed above.

However, surface of the IM nanocomposites usually contains extraresin layers on both
sides without nanofiber reinforcement,40 similar to the nanocomposites prepared by
coating/depositing a transparent resin on the surface of the (nano) paper.90 These extraresin
layers may peel-off and crack during device fabrication owing to the large CTE mismatch.40

In a recent study, Shams and Yano91 additionally proposed that both CNFs and ChNFs rein-
forced optically transparent composites are difficult to mold into three-dimensional (3D)
complex shapes during the resin impregnation process because of the presence of strong
inter-nanofibrillar hydrogen bonds in the (nano)paper. The transparent nanocomposites
with 3D complex shapes having a high mechanics, high flexibility, and low CTE are desired
for next-generation optically transparent precision parts. For example, a smart contact lens
equipped with a nano/microelectronic sensor that can monitor blood-glucose level of a per-
son from the eye fluid or take a picture with a blink of an eye.92,93

Therefore, Shams and Yano introduced a new technique based on the concept of emulsi-
fication of oil and water.91 They produced a Pickering emulsion (PE) of resin-in-water, in
which the microsized (<10 mm) liquid resin droplets are covered and stabilized solely by
the ChNFs (Fig. 15.12A). Note that, an emulsion is a system of dispersed droplets of one
immiscible liquid in another stabilized by surfactant/emulsifier molecules, while PEs are
solely stabilized by small particles.94 Subsequently, the emulsion was filtered and dried to
obtain a liquid-resin/ChNFs nanocomposite mat. Interestingly, even the emulsion contained
resin droplets in the liquid state, the 10 wt% ChNFs (based on the total weight of resin and
ChNFs) provided sufficient protection that a negligible amount of the resin was lost during
the filtration. Because the nanocomposite mat contained resin droplets in liquid state that also
might help to prevent or at least severely limit the formation of strong hydrogen bonds
among the ChNFs, it could easily be formed into desired shapes with high optical transpar-
ency (Fig. 15.12B and C) simply by hot-pressing using an appropriate die. The regular
(86%e87%) and total (w90%) light transmittances were at a similar level as the IM nanocom-
posites having a same resin (ABPE-10). This indicates that the ChNFs were uniformly
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dispersed in the nanocomposite prepared by the PE method. Most fascinatingly, the CTE ob-
tained for the PE transparent nanocomposites having a ChNF-content of 14 wt% was similar
(15e16 ppm K�1) to that of the IM nanocomposites having ca. 35e40 wt% ChNFs. Note that
the CTE of the neat resin was 213 ppm K�1.

To further clarify the advantage of PE method, Biswas et al.95e97 conducted detailed
studies using both long CNFs and short rod-like CNCs. They found that the PE transparent
nanocomposites possess a self-assembled hierarchical structure (Fig. 15.13A and B), which
was generated by interconnection of numerous nanocellulose-covered droplets. Because of
having a hierarchical structure, PE nanocomposites showed an improved strength, tough-
ness, and flexibility compared to those of IM nanocomposites at a similar nanocellulose con-
tent (Fig. 15.13C). Remarkably, the PE nanocomposites containing only 10 wt% CNCs had a
CTE of 3.4 ppm K�1, which was very low compared to many known substrate materials and
almost same as the CTE of semiconducting silicon crystals (Fig. 15.13D). This excellent
outcome was achieved due to a combination of factors such as: (1) the resin used (ABPE-
10) was very soft as described earlier, (2) CNCs that intrinsically had a drastically low
CTE (Table 15.1), and (3) the hierarchical structure obtained by PE method that gave an aniso-
tropic thermal deformation character to the nanocomposites, very similar to the IM nanocom-
posite reinforced by an uncompressed BCNF-scaffold as explained above (also see Fig. 15.9C
and Fig. 15.13A and B). Furthermore, the modulus of the PE nanocomposite remained high
(w2 GPa) even at a temperature as high as 150�C.

In addition, Biswas et al.95,96 demonstrated that the PE method not only facilitates the
nanocomposites to be 3D-molded in macroscale (as shown in Fig. 15.12C) but also in
nano/microscale with a precise control of shapes and dimensions. The micro- and nano-
patterned nanocomposites displayed in Fig. 15.14AeC, respectively, were fabricated simply
by placing the nanocomposite mats on the respective oppositely patterned substrates fol-
lowed by hot-pressing and polymerization of the resin. Note that the nano- and microscale
surface features support strong optical resonance and reduce plasmonic loss, which can

FIGURE 15.12 (A) A resin-in-water pickering
emulsion in which microresin droplets are covered
and stabilized by the ChNFs. (B,C) pphotographs of
ChNF-reinforced flat-shaped (B) and 3D complex-
shaped (C) transparent nanocomposites prepared
from pickering emulsion. Reproduced/adapted with
permission from (C) Shams MI, Yano H. Doubly curved
nanofiber-reinforced optically transparent composites. Sci
Rep 2015;5:16421 © 2015 Springer Nature.
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enhance and effectively control light absorption, scattering, and outcoupling to improve the
performance of the optoelectronic devices such as solar cells, light-emitting diodes (LEDs),
etc.98 Therefore, the easy-made surface-patterned nanocomposite materials having a high
transparency, strength, toughness, and flexibility, and a drastically low CTE could favorably
be applied as the high-performance substrates in future flexible optoelectronics.

4.2 Transparent nanocomposites reinforced by “nanostructured”
particles/fibers

4.2.1 Transparent nanocomposites reinforced by “nanostructured” chitin
microparticles

While the great merits of extracted nanocelluloses and nanochitins from bioresources to
reinforce transparent resins/polymers have been justified, an important consideration is to
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FIGURE 15.13 (A) Schematic of the PE method to obtain self-assembled hierarchical transparent nano-
composites. (B) A TEM image of the cross-section of a transparent nanocomposite. The darker parts consisted of resin
(represented by the arrows) and lighter parts consisted of nanocellulose network. (C) Tensile stress-strain curves of
PE nanocomposite (CNFs w16 wt%), IM nanocomposite (CNFs w20 wt%), and ABPE-10 resin. (D) CTE of PE
nanocomposite (CNC 10 wt%) compared to a list of known transparent optoelectronic substrates. PI ¼ polyimide,
PEN ¼ polyethylene naphthalate, PET ¼ polyethylene terephthalate, PES ¼ polyether sulfone, PC ¼ polycarbonate,
and PS ¼ polystyrene. Reproduced/adapted with permission from (AeC) Biswas SK, Sano H, Shams MI, Yano H. Three-
dimensional-moldable nanofiber-reinforced transparent composites with a hierarchically self-assembled “reverse” nacre-like ar-
chitecture. ACS Appl Mater Interfaces 2017;9:30177e30184; and (D) Biswas SK, Tanpichai S, Witayakran S, Yang X,
Shams MI, Yano H. Thermally superstable cellulosic-nanorod-reinforced transparent substrates featuring microscale surface
patterns. ACS Nano 2019;13:2015e2023 © 2019 American Chemical Society.
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reduce processing energy and time for nanocomposite fabrication. Nanofibrillation of cellu-
lose and chitin requires energy-intensive and time-consuming mechanical treatments. Addi-
tionally, dehydration of suspension and Pickering emulsion of CNFs and ChNFs is time
consuming owing to their very high specific surface area. Shams et al.88,99 did pathfinding
works in that respect, where they proved that nanofibrillation is in fact not necessary to
obtain an optically transparent, mechanically strong, and thermal-dimensionally stable com-
posite. They turned a whole carb transparent by keeping its original shape intact
(Fig. 15.15AeC).99 As mentioned earlier that almost all stiff biological materials are nanocom-
posites, crab shell is composed of ChNF-scaffold reinforced by mineral nanoparticles and
embedded in a matrix of proteins and lipids (Fig. 15.5). After removal of minerals, proteins,
lipids, and pigments by typical chemical treatments (see Preparation of nanochitins), the
white crab shell composed of nanoporous ChNF-scaffold was submerged into the resin
that turned it into a transparent material with its intact original shape and morphological de-
tails (Fig. 15.15B and C). This finding indicates that nanocomposites based on particles with a
larger size than the optical wavelength would not cause light scattering provided that the
particles are composed of nanostructured networks that allow resin impregnation.

Subsequently, inspired by the transparent crab, Shams et al.88,99 demonstrated transparent
nanocomposite films reinforced by mildly fibrillated chitin microparticles (diameter:
w350 mm). The mildly fibrillated chitin microparticles were dispersed in water followed by

FIGURE 15.14 (A) A surface-patterned transparent PE nanocomposite showing diffraction induced rainbow
color. FE-SEM images of a microlens array (B) and nanopillar array (C) molded on the surface of the PE nano-
composite. Reproduced with permission from Biswas SK, Sano H, Shams MI, Yano H. Three-dimensional-moldable nanofiber-
reinforced transparent composites with a hierarchically self-assembled “reverse” nacre-like architecture. ACS Appl Mat Interf
2017;9:30177e30184 © 2017 American chemical society.
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filtration and drying to form a paper (Fig. 15.15D), and subsequently, immersed it into the
resin to impregnate into the pores to obtain a transparent nanocomposite (Fig. 15.15E). The
nanocomposites were similar in transparency (regular transmittance: w82% @ 600 nm) and
thermal-dimensionally stability (CTE: 18e25 ppm K�1) as ChNF-reinforced nanocomposites,
but took much less time and energy to prepare. The modulus of the resin was also increased
enormously, which was stable over a wide temperature range from 20 to 200�C. This is
inspiring that “nanostructured” chitin microparticles can improve the mechanical and ther-
mal properties of a resin while maintaining its optical transparency, which is counterintuitive
to the notion that the filler size should be one-10th of the visible wavelength to obtain a trans-
parent composite,37,79 but a positive aspect in terms of upscaling the nanocomposite produc-
tion for commercial utilization in optoelectronic devices.

4.2.2 Transparent nanocomposites reinforced by “nanostructured” cellulose (pulp)
fibers

Following the pioneering work on chitin microparticles reinforced optically transparent
nanocomposites, Yano et al.100 focused on fabricating cellulose (pulp) fiber-based transparent
nanocomposites. Typically, wood fibers are w3 mm long and w30 mm in diameter, and are

FIGURE 15.15 (A) Original crab shell, (B) crab shell after removal of matrix substances, and (C) transparent crab
shell after immersion in ABPE-10 acrylic resin. (D) Appearance of chitin microparticle paper (left) and ChNFs (nano)
paper (right). (E) A transparent and flexible chitin microparticle nanocomposite (chitin content: 22 wt%; resin: ABPE-
10). Reproduced with permission from (AeC and E) Shams MI, Yano H. Simplified fabrication of optically transparent com-
posites reinforced with nanostructured chitin. J Polym Environ 2013;21:937e943 © 2012; Iftekhar Shams M, Nogi M,
Berglund LA, Yano H. The transparent crab: preparation and nanostructural implications for bioinspired optically transparent
nanocomposites. Soft Matter 2012;8:1369e1373 © 2013 Springer.
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composed of CNFs (Fig. 15.1 and Fig. 15.16A and B). Because the CNFs are embedded in
lignin and existed individually in the wood cell (fiber) walls, the impregnation of the trans-
parent resin could be achieved into the mesopores produced after the removal of lignin.
Additionally, to facilitate further impregnation of the resin, the pulp fibers were refined first
by bead milling to induce internal fibrillation (a typical process in pulp and paper making).
After that, the pulp fibers were acetylated and formed into a paper. The acetylation and in-
ternal fibrillated allowed good penetration of the resin into the cell (fiber) walls, that is, in be-
tween the CNFs, as well as in the whole paper sheet. As a result, the flexible nanocomposites
obtained were highly optically transparent (regular transmittance: 80%e84%) and thermal-
dimensionally stable (CTE: 13e19 ppm K�1) at a fiber content of 17e25 wt% (Fig. 15.16C).
In comparison, the IM nanocomposites reinforced with acetylated wood-extracted CNFs
and having a same resin matrix showed regular transmittance of 82% and CTE of
12 ppm K�1 at a CNFs content of 35e40 wt%.40 It should be noted that the CTE of the
pulp fiber-based transparent nanocomposite at a low fiber content is similar to that of the
CNF-based nanocomposite at a relatively high CNFs content, which was probably due to
the much less damage to the almost intact CNFs in the pulp fibers than in the nanofibrillated
individualized CNFs.

FIGURE 15.16 FE-SEM micrographs of (A) wood (pulp) fibers and (B) nanostructure of the fiber, the cellulose
microfibrils (i.e., CNFs) can be directly seen on the fiber surface. (C) An optically transparent flexible nanocomposite
reinforced with acetylated pulp (fiber content: 17 wt%; DS: 1.25; resin: ABPE-10). Appearances of a cotton cloth (D),
ABPE-10 resin-impregnated composite cotton cloth (E), and ABPE-10 resin-impregnated composite cotton cloth
prepared by chemically swelling the cotton fibers in order to facilitate resin impregnation (F). Reproduced with
permission from (AeC) Yano H, Sasaki S, Shams MI, Abe K, Date T. Wood pulp-based optically transparent film: a paradigm
from nanofibers to nanostructured fibers. Adv Opt Mat 2014;2:231e234 © 2014 Wiley-VCH; and (D-F) (DeE) Abe, K.;
Morita, M.; Yano, H. Fabrication of optically transparent cotton fiber composite. J Mater Sci 2018;53:10872e10878 © 2018
Springer.
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Meanwhile, aiming to apply the above technique to cotton fibers and then cotton fabrics in
order to produce large-sized transparent and flexible nanocomposites, Abe et al.101 found
some difficulties and proposed the ways to overcome those. Cotton fibers do not contain
lignin, and the CNFs form strong aggregates by hydrogen bonding with a high degree of
crystallinity. As a result, cotton fibers are difficult to fibrillate internally and hence only acet-
ylation was not enough to produce a transparent cotton composite. Therefore, a series of
swelling pretreatments such as alkali treatment and surface carboxylation by TEMPO-
mediated oxidation have been employed that promoted surface acetylation and hence
impregnation of resin deep into the cotton cell walls. The treated cotton fibers were formed
into a paper and then immersed into the resin to obtain a transparent composites with a reg-
ular light transmittance of 83% (at 600 nm) and CTE of 19.5 ppm K�1. Finally, the process was
employed to a commercial cotton cloth to demonstrate an optically transparent cotton cloth
composite (Fig. 15.16DeF). When an untreated cotton cloth was used, it became translucent
due to the impregnation of resin into the cotton fabric mesh and the fabric could be observed
visually (Fig. 15.16E). On contrary, a completely transparent composite was obtained with
the treated cotton fabric due to easy impregnation of the transparent resin into the cotton fi-
bers (Fig. 15.16F).

The above results imply that the nanofibrillation steps to produce CNFs are in fact not
necessary, and hence the energy and time for the production of high-performance transparent
nanocomposites can be drastically reduced, which make these bio-based unique nanomateri-
als exceedingly closer to industrial application with prospects ready to be realized.

5. Potential commercial applications of the bionanofiber-reinforced
transparent nanocomposites

5.1 Substrate for optoelectronic devices

One of the most potential commercial applications of the nanocellulose- and nanochitin-
reinforced transparent nanocomposites is considered to be as the substrate for optoelectronic
devices, such as photovoltaics, displays, smart windows, touch screens, smart contact lens,
and so forth. It is noteworthy that the substrates play a crucial role in determining the device
performance and reliability. Glass is the conventional choice for the substrate material owing
to its high transparency, high thermal stability, and a low CTE of w7e10 ppm K�138 How-
ever, glass is intrinsically brittle, therefore, would never comply with the recent unprece-
dented requirement for transparent and flexible substrates for light-weight, thin-film,
bendable, and wearable consumer optoelectronics.

The CTE is one of the most pivotal factors to consider in the fabrication of optoelectronic
devices. It is important for the substrates to have a very small CTE like the glass or even
lower. But, most flexible and soft plastics have extremely large CTEs, often exceeding
200 ppm K�1. As multilayers of different functional materials (such as silver nanowires,
indium-tin-oxide, semi-conducting silicon, etc.) are deposited on the plastic substrate by ther-
mal processes, the thermal cycling induces high thermomechanical deformation in the plastic
substrate, subjecting the functional materials to strain and eventual cracking.39,40,97 In that
respect, the bionanofiber-reinforced nanocomposites possess all the traits desired for the
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flexible optoelectronic substrate as discussed above. Meanwhile, different optoelectronic de-
vices based on these nanocomposite substrates (especially, nanocellulose-based nanocompo-
site substrates) have already been demonstrated successfully in the literature.39e41,97,102,103

A flexible OLED display and a smart transparency modulating film are shown in
Fig. 15.17 for instance.

One more positive aspect of the bionanofiber-reinforced transparent nanocomposites is
that they exhibit excellent thermal conductivity compared to most transparent plastics.104,105

For example, a CNC-reinforced transparent nanocomposite exhibited thermal conductivity as
high as 5.7 W m�1 K�1.105 This high-level thermal conductivity is advantageous in quick
dissipation of heat generated in the electronic components that would enhance the life-
span of the device. Therefore, taking all the desirable characteristics in account, it can be hy-
pothesized that the bionanofiber-based transparent nanocomposites are exceedingly closer to
commercial application in optoelectronic devices.

FIGURE 15.17 (A) A flexible OLED display fabricated on a transparent CNF-reinforced nanocomposite. (BeD)
A flexible transparency modulating smart film fabricate on a transparent CNC-reinforced nanocomposite. (B) Off
state, (C) on state, and (D) on state under bending. Reproduced with permission from (A) Okahisa Y, Yoshida A, Miyaguchi
S, Yano H. Optically transparent woodecellulose nanocomposite as a base substrate for flexible organic light-emitting diode
displays. Composites Sci Tech 2009;69:1958e1961 © 2009 Elsevier. (BeD) Biswas SK, Sano H, Yang X, Tanpichai S, Shams
MI, Yano H. Highly thermal-resilient agnw transparent electrode and optical device on thermomechanically superstable cellulose
nanorod-reinforced nanocomposites. Adv Opt Mat 2019;7:1900532 © 2019 Wiley.
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5.2 Light-weight shatter-proof windows

Another commercially viable potential application of the bionanofiber-reinforced trans-
parent nanocomposites is as the high-performance, light-weight, and shatter-proof windows
for vehicles (cars, aircraft, etc.) and buildings. Today, mostly glass and laminated-glass are
used as the windows and windshields. Glass itself is very brittle and heavy (density:
w2.5 g cm�3). To reduce the brittleness and weight, laminated-glass (glass-plastic-glass
three-ply structure) is used in the vehicles. However, for structural requirements, thickness
of the laminated-glass is needed to be high, which in turn increase the weight.

An important consideration of the vehicle manufacturers is to reduce the weight of the
vehicle in order to increase the fuel efficiency and reduce the carbon emission. In order to
reduce the weight of the vehicle by 10% by 2020, the Ministry of the Environment of Japan
partnered with Toyota and other industries and academia produced a car, named Nanocel-
lulose Vehicle (NCV), of which most parts are made up of nanocellulose-reinforced compos-
ites.106 The roof panel and back door glass of the NCV are transparent composites of PC and
CNFs with a CNFs share of 15 wt% (Fig. 15.18). These PC/CNFs composites are 50% lighter
than inorganic glass and 20% lighter than ordinary glass-PC-glass laminates. It is noteworthy
that owing to CNFs reinforcement to PC, the composite achieved the required structural and
mechanical properties at a relatively lower thickness and weight.

FIGURE 15.18 Nanocellulose vehicle (NCV), most parts of which are made up of nanocellulose-reinforced
composites as represented by numbers. The roof panel3 and back door glass4 of the NCV are transparent PC/
CNFs composites. The CNF-content of these composites is 15 wt%. The inset shows the actual picture of the NCV
prototype car. Photos and drawings/sketches are provided by the ministry of the Environment, Japan.
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6. Concluding remarks

In this chapter, we described the preparation, properties, and potential applications of
transparent nanocomposites reinforced by bio-derived nanocelluloses, nanochitins, and their
nanostructured mesoporous microfibers/microparticles. These bio-derived reinforcements
have incredible strength, modulus, and thermal stability and are abundantly available
from nature, renewable, biodegradable, and carbon neutral, which are required for environ-
mentally sound material technologies. Further, their reinforced transparent nanocomposites
are light-weight, strong, flexible, moldable in nano to macroscale, and incredibly thermally
and thermal-dimensionally stable. Therefore, prospects of these bio-based transparent nano-
composites as the substrates and structural windows for photonics, optoelectronics, vehicles,
and buildings are enormous; some of these applications are already maturing toward com-
mercial level.
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ODN-1 Oligonucleotide
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PACAP Pituitary Adenylate Cyclase-Activating Peptide
PAMAM Polyamidoamine
PCEP Poly-[(cholesteryl oxocarbonylamido ethyl) methyl bis(-

ethylene) ammonium iodide]-ethyl phosphate
PEG Poly(ethylene glycol)
PEG-PSA Poly(ethylene glycol)- Poly(sebacic acid)
PKC Protein Kinase C
PLA Poly-lactic Acid
PLGA Poly(lactic-co-glycolic acid)
PMMA Poly(methyl methacrylate)
PVA Polyvinyl Alcohol
PVD Posterior Vitreous Detachment
QD Quantum Dot
RAS Rennin-Angiotensin System
RES Reticulo Endothelial System
RGD Arginine-Glycine-Aspartic acid
ROP Retinopathy of Prematuration
ROS Reactive Oxygen Species
RPE Retinal Pigment Epithelium
RVE Retinal Vascular Epithelium
SDF-1 Stromal derived growth factor
SiNP Silicon dioxide Nanoparticles
SLN Solid Lipid Nanoparticle
SOD Superoxide Dismutase
TiO2 Titanium oxide
TNF Tumor Necrosis Factor
tPA Tissue Plasminogen Activator
UKPDS UK Prospective Diabetes Study
VEGF Vascular Endothelial Growth Factor
VEGFR-2 VEGF receptor-2
WESDR Wisconsin Epidemiologic Study of Diabetic Retinopathy

1. Introduction

Diabetes has emerged as a disease of utmost concern posing threat among the one-third
population of the world.1 The chronic disease is characterized by elevated blood glucose level
that arises from the nonfunctionality of the pancreas to synthesize insulin or resistance of the
peripheral cells to insulin, the hormone responsible for maintaining glucose homeostasis.2

Diabetes can be classified into two main types: (1) Type I and (2) Type II. Type I diabetes pre-
vails due to the failure of the pancreas to produce insulin which is mainly diagnosed in chil-
dren and youths.3 Whereas, type II, is called as the diabetes of adults, that occurs due to
reduced insulin synthesis or the cell’s inability to respond to it.4 The third type of diabetes,
known as gestational diabetes may also arise at pregnancy that mainly results from the
placental hormones. These hormones interfere with the insulin receptor and create a hyper-
glycemic condition.5

The occurrence of diabetes for a longer period may result in some serious issues including
the micro- and macrovascular complications linked to heart disease and peripheral arterial
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diseases.6 The common complications in all types of diabetes involve diabetic neuropathy,7

retinopathy,8 and nephropathy.9 Of them, diabetic retinopathy is a microvascular complica-
tion that has major effects on a patient’s life quality, particularly the visual acuteness which
subsequently leads to the loss of visual ability.10

To understand the pathophysiology of various eye disorders, we need to know about the
eye structures and the functionality of every part (Fig. 16.1).11 The outer membrane of the eye
is made of a clear and concaved membrane known as cornea.12 As light crosses the cornea, it
passes through the anterior chamber, pupil, and then through a lens which enhances the
focus of the light. At the final stage, light passes through the vitreous humor in the center
and hits the retina, located in the posterior eye.13 The retina comprises a fine layer of photo-
sensitive tissue that receives light and converts it to electrical signals that are perceived by the
brain for visual recognition.14 Retina possesses the blood retina barrier (BRB), which contains
the retinal pigment epithelium (RPE) and retinal vascular epithelium (RVE). The outer blood
retinal barrier (BRB) is maintained by RPE cells and the tight junctions present in RPE from
the inner BRB.15 The endothelial cells of the retina are covered by glial cells and pericytes.
Pericytes maintain vascular stability and control the proliferation of the endothelial cells,
whereas the main role of glial cells is to process retinal vascular components and stabilize
blood flow in the retina.16,17 The two main glial cells that are present in the retina are the
Muller cell and astrocyte. Muller cells maintain retinal functioning as well as the pH in the

FIGURE 16.1 Overview of the whole eye. Magnified structure of a transverse section of different parts of the eye
and ocular barriers.
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retina. On the other hand, astrocytes control retinal vasculature development.18 Anatomical
and structural changes in the BRB and its associated companions result in pathophysiological
alterations in DR.19

DR possesses a serious threat to the healthcare system due to the high economic burden of
treatment and other complications and thus is a challenge for the future. As the human eye
bears many complex barriers, the cure of DR is quite challenging.20 Current therapies of DR
involve laser photocoagulation, surgical interventions, and pharmacotherapies.21 Although
these treatments have remained a standard care system for the management of DR over the
last few decades, they generally do not restore the lost vision completely and there are certain
limitations. Although these therapies are well effective, the cost of treatment is very high, in-
volves invasive procedures, and shows ocular and systemic complications.22,23 To prevent
the drug’s systemic exposure, scientists have developed intravitreal steroid implants which
again involve invasive methods and show complexities such as elevated ocular pressure, glau-
coma, and cataract.24,25 Various inhibitors like inhibitors of protein kinase C (PKC),26 inhibitors
of aldose reductase (ARI),27 inhibitors of growth hormone,28 an inhibitor of inflammatory
agents,29 carbonic anhydrase inhibitors,30 blockers of renin -angiotensin system (RAS)31 are
also used for treatment. Various antioxidants, enzymatic vitreolysis, gene, and stem cell ther-
apy are combined with any two or three therapies to lower the progress of DR.21 Besides this,
treatment of DR requires a longer duration and thus it includes repeated invasive methods
which result in more severe ocular problems like vitreous hemorrhage, endophthalmitis, retinal
detachment, and cataract.32 To overcome this difficulty, novel noninvasive treatment ap-
proaches are needed.

Last few decades many advanced nanomaterials have been developed to treat various dis-
eases including DR. Nanoparticles have a size range of 1e100 nm and they have important
roles in drug delivery, gene therapy, and biological imaging.33 Nanoparticles have certain ad-
vantages as a drug carrier which include, (1) prolonged and target-specific delivery, (2)
improved delivery of large and hydrophobic drugs, and (3) less toxic reactions and compli-
cations.34,35 Current nano-based systems provide a chance to cope with the disadvantages of
the conventional approaches that include uncontrolled drug release, not suitable for targeted
delivery, invasive, poor penetration, less retention time, poor bioavailability, and adverse ef-
fects. Delivering drugs to the posterior part, the potential site for DR is often limited by the
ocular barriers. Nanoparticle-loaded drugs can permeate these barriers, and provide a better
therapeutic efficacy compared to the classical systems.21

The current chapter describes the use of nanoparticles in ocular delivery followed by the
nanomaterials used to prevent DR progression. Various strategies to deliver nanoparticle-
based drugs and their toxic effects have also been discussed here. This chapter will help to
understand the current treatment strategies of DR using nanotechnology and to formulate
nano-based therapeutics that will be helpful in the future.

2. Diabetic retinopathy

Diabetic retinopathy appears as a complication of chronic diabesity for 10 years or above
and is the major cause of adult blindness.36 The hyperglycemic condition in diabetes leads to
metabolic imbalance and activates low-grade, chronic inflammatory signaling pathways
which have distinctive roles in the progress of DR (Fig. 16.2).37
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Clinical signs of this disease are retinal hemorrhage, formation of microaneurysms, capillary
blockage, cotton-wool spots, macular edema, hard exudates, and finally the formation of
abnormal blood vessels (Fig. 16.3).38,39 Multiple metabolic pathways are associated with DR
pathogenesis, such as the polyol pathway, protein glycation, PKC pathway activation, and
hexosamine pathway (Fig. 16.2).40 All these events upregulate proangiogenic and inflamma-
tory factors like vescular endothelial growth factor (VEGF),41 Insulin-like Growth Factor
(IGF),42 Angiopoietins (Ang-2),43 Stromal derived growth factor (SDF-1),44 basic Fibroblast
Growth Factor-2 (bFGF-2),45 Hepatocyte Growth Factor (HGF),46 Tumore necrosis factor
(TNF)47 and interleukin-6.48

Based on the severity and clinical signs associated with the disease, DR is mainly divided
into two classes: 1) Nonproliferative and 2) Proliferative (Fig. 16.3).49 Retinopathy of nonpro-
liferative origin was earlier called background DR. It is the beginning stage of DR, which may
lead to proliferative DR if remain unnoticed. Nonproliferative DR can be mild, modest, or
advanced type. Mild type is identified by noticeable damage to the small vessels of the retina
which may grow balloon-like bulging called microaneurysms.50,51 In the moderate type,
some small retinal blood vessels are blocked, causing oxygen depletion and nutrient supply

FIGURE 16.2 Various pathways via which diabetes induces diabetic retinopathy.
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to some areas of the retina. Advanced retinopathy is identified by blockage of considerable
blood vessels resulting in a shortage of nutrition and oxygen in areas of the retina. This con-
dition is called retinal ischemia.52 The hypoxic condition in these areas induces neovascula-
rization to restore the oxygen supply. The most severe stage of this disease is proliferative
DR, identified by severe damage to the small blood vessels of the retina and a hypoxic con-
dition.53 This results in abnormal retinal vessels, which are fragile and cause internal bleeding
into the vitreous. This condition may lead to sudden blindness. Proliferative DR can also lead
to detachment of the retina with profound vision loss.21

3. Disease progression and complications

The molecular and biochemical pathways of DR are identified in various studies.54,55 The
hyperglycemic condition of diabetes triggers various metabolic pathways, like the hexos-
amine and polyol pathways, free radical production, and advanced glycation end products
which appear to play vital roles in the pathogenesis of DR (Fig. 16.2).49,56

FIGURE 16.3 Types of diabetic retinopathy and the common physiological changes that occur during DR.
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Additional investigations have also pointed out the role of neurodegeneration, neuroin-
flammation, and RAS.57e59 Moreover, the anomalous generation of ER stress and mitochon-
drial ROS are the contributing factors of the DR pathogenesis.60 ER stress results from protein
misfolding which causes the unfolded or misfolded proteins to build up in the ER lumen,
thereby elevating oxidative stress, inflammation, and apoptosis. These conditions play essen-
tial roles in the pathogenesis and progression of different neuronal conditions in the brain
and retina which also includes the premature stages of DR.61

At the early onset of the disease, clinical signs such as intraretinal hemorrhages, and micro-
aneurysms are formed (Fig. 16.4). Almost all the patients with type I diabetes, had the disease
for 20 years or more62 and almost 80% of type II diabetes patients63 have these clinical signs.
Pericyte loss from the retinal capillaries also occurs as an earlier sign of the histopathology of
DR. This is followed by the loss of endothelial cells of the capillary.64 Due to the high meta-
bolic requirement of the retinal neurons, a hypoxic condition is created as the capillary cells
are lost and this condition induces BRB breakdown and leads to retinal neovasculariza-
tion.65,66 With the progress of the disease, the patients with proliferative retinopathy are
found to have elevated amounts and sizes of intraretinal hemorrhages along with cotton
wool spots which are often seen (Figs. 16.3 and 16.4). Altogether, it results in the local failure
of microvascular circulation in the retina, resulting in a condition known as ischemia. In pro-
liferative DR, the formation of new retinal blood vessels occurs that can extend to the vitreous
humor and can lead to hemorrhage in the vitreous. This can cause detachment of the retina as
well as loss of vision (Fig. 16.3).67

Diabetic macular edema (DME) is another important change that occurs in diabetic reti-
nopathy. This condition appears with the blood-retinal barrier breakdown along with the
outflow of plasma from the macular small vessels. This causes macular swelling and reab-
sorption of the plasma fluid elements leading to the formation of hard exudates. DME
does not lead to complete visual disability but can cause loss of central vision.67

FIGURE 16.4 A comparison between the normal eye and the DR affected eye.
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4. Conventional methods of DR treatment

Current treatment strategies of DR involve laser therapy, vitrectomy, and pharmacother-
apeutics. However, combinations of two or more strategies are often used to achieve better
results.21 These strategies cannot completely cure DR, but they can slow down the progres-
sion of DR by attenuating some of the major symptoms, thereby avoiding early blindness.
The conventional treatments of DR involve the following:

4.1 Surgical management

4.1.1 Laser treatment

Laser photocoagulation is a useful treatment of DR that decreases the threat of vision
loss.68 This technique affects the deterioration of unusual blood vessels, reduces oxygen ten-
sion, and prevents neovascularization. Laser techniques mainly include (1) Pan-retinal photo-
coagulation, which applies tiny spots in the retina and slows down the development of new
abnormal blood vessels; and (2) Focal laser photocoagulation, which targets each of the leaky
blood vessels in the retina.69

Although laser treatments are effective in improving visual acuity if done in an appro-
priate and timely manner, visual complications like loss of central vision, decreased night
vision70 and color vision,71 reduction in contrast sensitivity,72 and decreased focus are also
reported from various studies. Unusual complications of laser therapy include hemorrhage
in the vitreous, retinal detachment, and permanent blindness. These treatment methods
may not bring back the lost vision completely as they are destined to prevent further loss
of eye sight.73

4.1.2 Vitrectomy surgery

Vitrectomy is a surgical method to treat DR by removal of the vitreous gel.74 It prevents
vitreous hemorrhage by removal of the unusually fragile blood capillaries along with the
scar tissues. Although vitrectomy is a success, the application of surgical procedures might
raise complicated outcomes like eye infection, continuous secretion of tears, cataracts, vitre-
ous hemorrhage, and retinal detachment.75 Thus it has very limited applications.

4.2 Pharmacotherapy treatments

Pharmacotherapy treatment is used to treat DR. This treatment uses two major types of
drugs: (1) VEGF antagonists, (2) corticosteroids. Other compounds can be used alone or in
combination.

4.2.1 VEGF inhibitors

VEGF inhibitors act as the antagonists of VEGFs that binds to the receptors and aid
abnormal blood vessel formation. Anti-VEGF agents inhibit the proliferation of abnormal
blood vessels in the retina and thereby act as a treatment for DR (Fig. 16.5). Currently,
four anti-VEGF agents namely Pegaptanib, Ranibizumab, Bevacizumab, and Aflibercept
are used for DR management. Pegaptanib is an aptamer that acts as a selective VEGF
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inhibitor.76 Pegaptanib was useful with a few regional and systemic complications; however,
the visual outcomes were distressing.76 This leads to the development of ranibizumab, a hu-
manized monoclonal antibody (Fab) which interacts with the isoforms of VEGF-A and neu-
tralizes them.77 The use of ranibizumab was soon restricted because of its several ocular
problems, like bleeding in the conjunctiva, eye pain, endophthalmitis, and retinal detach-
ment.78 Ophthalmologists overcome this problem by using another effective therapy like bev-
acizumab, a full-length humanized monoclonal antibody.79 Bevacizumab appeared as an
“off-label” drug due to its anti-VEGF property for treating DR. Later, another novel anti-
VEGF agent, Aflibercept was introduced that binds to the isoforms of VEGF with increased
affinity than other agents that act against VEGF.80 Food and drug administration (FDA)
approved this drug to be used for DR patients with diabetic macular edema.

4.2.2 Corticosteroids

Corticosteroids possess a potential antiinflammatory effect and are used in treating DR for
their ability to decrease the breakdown of the retinal barrier, reduce vascular permeability,
downregulate VEGF expression, and show inhibition of matrix metalloproteinases thus pre-
venting the formation of naïve blood vessels.81,82 Major corticosteroids used to treat DR
include dexamethasone, triamcinolone acetonide, and fluocinolone acetonide.83e85

4.3 Other treatment strategies

Many treatment strategies can reduce a patient’s risk of developing DR. They include (1)
Systemic treatment (2) Other medications to treat DR.

4.3.1 Systemic treatment

Systemic strategies include methods that are propagated through the circulatory system
and may slow down the progress of DR by controlling systemic abnormalities associated

FIGURE 16.5 Treatment strategy using anti-VEGF agents.
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with DR. The strategies may include control of blood sugar, blood pressure, management of
hyperlipidemia, and other strategies which are described below. However, the systemic
administration of drugs is not that effective as only 1%e2% of the drug can reach the retina.86

4.3.1.1 Control of blood sugar

Regulation of glucose within the body is one of the approaches to reducing DR pathogen-
esis.87 The intensive control of blood sugar in comparison to the standard glycemic control
can decrease the progress of retinopathy by almost one-third.87,88 These findings suggest
the useful effects of intensive glycemic control on the progress of DR.

4.3.1.2 Control of blood pressure

Diabetes is often associated with hypertension. The UK Prospective Diabetes Study
(UKPDS) group investigated the effect of intensive blood pressure control and a chance of
vascular complexities in type II diabetic patients.89 Control of blood pressure by captopril,
an inhibitor of angiotensin convertase or atenolol, a b-blocker is the important treatment.90

By reducing blood pressure the retinopathy progression was reduced to 35%. A summary
of 9 years study found that the group under intensive blood pressure control had decreased
the rate of vision loss by 47% (on The Early Treatment Diabetic Retinopathy Study (ETDRS)
chart).89,91

4.3.1.3 Managing hyperlipidemia

The Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR)92 along with the
ETDRS study93 investigated the role of serum lipids in chronic type I diabetic patients. It
was observed that LDLs and total cholesterol are linked with hard exudate appearance in
the retina of DR patients.94 This suggests that reduction of serum lipids might reduce the
development of hard exudates.93,95 A study showed that treatment of type I diabetes with
fenofibrate, a drug that lowers the cholesterol and serum LDL level aids in the reduction
of retinopathy progress. However, this investigation also demonstrated that the reduction
in DR progression is not dependent on reducing the lipid level. An eye study by the
ACCORD suggests lipid-lowering agents such as statins together with fenofibrate decrease
retinopathy progression by about one-third.96,97

4.3.2 Other treatment strategies

4.3.2.1 PKC inhibitors

Some studies have found ruboxistaurin mesylate act as a potent inhibitor of PKC b2 and
oral ruboxistaurin has been found to reduce moderate loss of vision with minimal side effects.
However, it is unavailable as a therapeutic agent due to its inefficacy in treatment.98

4.3.2.2 Inhibitors of aldose reductase (ARI)

Aldose reductase is a retinal enzyme involved in the polyol pathway that aids in DR pro-
gression. ARIs like oral fidarestat and ranirestat was examined in animals that showed a
reduction of retinal thickness and thus may play a useful role in managing DR.99

4.3.2.3 Antiinflammation agents

Nepafenac, etanercept, meloxicam, and infliximab can reduce inflammatory mediators. In
DR, retinal endothelial cells have overexpressed ICAM-1, which result in the attachment of
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leukocyte to small vessels of the retina affecting the permeability of BRB. TNF ea inhibitors,
like intravitreal infliximab and etanercept, also inhibit leukostasis and breakdown of
BRB100e102.

4.3.2.4 Antioxidants

Diabetes is a metabolic disorder that results in the increased production of superoxide rad-
icals from the mitochondria and activates various pathways for the onset of DR.103 Several
researchers found the use of antioxidants as a strategy to prevent the complications associ-
ated with this disease. Clinical investigations found supplementation of vitamin E helps to
improve blood flow in the retina.104 The effect of ubiquinone and other antioxidant therapies
was examined in Nonproliferative Diabetic Retinopathy (NPDR). The involvement of oral
a-lipoic acid in reducing DR progression was also investigated. These studies found
decreased retinal thickness as well as enhanced visual acuity. Calcium dobesilate, a potent
antioxidant was reported to slow DR progression with the oral treatment of long duration.
Curcumin, quercetin, setarud, luteolin, resveratrol scutellarin, berry anthocyanins, and epi-
gallocatechin gallate are antioxidants that may play a role in slowing down DR
progression.105e110

4.3.2.5 Carbonic anhydrase inhibitors

Carbonic anhydrase, an important enzyme may also have a role in the progress of DR.
Elevated carbonic anhydrase was reported in the vitreous humor of proliferative DR pa-
tients.111 RPE cells as well as Mullar and cone cells contain this enzyme bound to the mem-
brane. The oral administration of an inhibitor of this enzyme such as acetazolamide,
dorzolamide, benzolamide causes a reduction in the progression of DR.112

4.4 Topical treatment

Topical treatment of ocular diseases has also proven to be advantageous as it minimizes
systemic complications and is less invasive. However, the release of the topical agents to
the eye posterior segment is quite challenging.86 In the past few years, several approaches
tried designing agents for drug delivery. Efforts were made to increase the contact time of
the agents such as the development of gels, ointments, and hydrogels. Topical delivery fol-
lowed approaches like prodrug formulations, cyclodextrins, permeability enhancers, trans-
scleral or transcorneal penetration, and colloidal drug delivery systems which were found
to increase the ocular bioavailability.113 If ocular bioavailability can be improved, topical
treatments can be administered more conveniently and can reduce the treatment cost for
eye diseases of the posterior segment.

4.5 Antibody-based therapeutics

Antibody-based therapeutics have always been a useful approach for treating various dis-
eases. Recently retinal treatment strategies have also increased the application of large pep-
tides and protein molecules. However, as these molecules have a large molecular weight,
they are unable to reach the inner eye upon topical administration.114 To avoid this, their
administration is performed through highly invasive intravitreal injections leading to patient
noncompliance.
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4.6 Local treatment for managing diabetic retinopathy

Local treatments such as periocular, intravitreal, peribulbar, subtendon, subconjunctival
are used for DR (Fig. 16.6). These involve invasive methods, of which intravitreal drug deliv-
ery is currently the most preferred one. However, the side effects of this route are the main
disadvantages. The local treatment strategies that are currently used are as follows:

4.6.1 Enzymatic vitreolysis

Enzymatic vitreolysis is the process that uses enzymes to manipulate the vitreous and thus
its retinal attachment.115 Posterior vitreous detachment (PVD) can slow down the progress of
DR. Vitreolysis therapy leads to the induction of PVD by vitreolytic agents, thus avoiding
surgery. There are mainly two types of vitreolytic agents, which are either liquefactants
(cause vitreous liquefaction) or interfactant (cause vitreous separation from the retina). These
include tissue plasminogen activator (tPA), microplasmin,116 plasmin, nattokinase,117 chon-
droitinase,118 hyaluronidase,119 vitreosolve (nonenzyme), dispase, and RGD-peptide. Intravi-
treal administration of these agents is important for adjuvant treatment of vitreous surgery.

FIGURE 16.6 Various drug delivery routes to different eye regions.
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4.6.2 Stem cell therapy

This is a useful strategy to protect the neuronal and vascular network of the diabetic
retina.120 Stem cell belongs to a group of undifferentiated cellular mass that can differentiate
into any particular cell type. As the retinal endothelial cells and the pericytes are lost in DR,
stem cell therapy can be used in preserving and supporting the abnormal retinal cells and
tissues.121

4.6.3 Gene therapy

This technique has gained attention due to its ability to control the progress and treatment
of retinopathy by investigating the genetic factors affecting retinal oxidative and pathological
pathways such as polyol pathway, PKC, hexosamine, and AGEs. They are an effective target
for managing DR.122 Viral or nonviral vectors have been tested for gene transfer into targeted
tissues.

5. Limitations of conventional therapy

Well-known strategies to prevent DR involve surgical procedures and pharmacotherapy.
Although laser treatment is useful in slowing down DR progress, it has limited specificity and
may cause retinal damage leading to blindness.123 On the other hand, vitrectomy is costly
and can only be carried out by specialists. Besides this, the technique has visual distress
like detachment of the retina, and vitreous hemorrhage.124 The limitations lead to the appli-
cation of new treatment methods using anti-VEGF agents. These agents have large sizes
whose entry into the retina is limited.78 Hence, their administration is done by invasive intra-
vitreal injections, and the treatment required frequent administration for maintaining the ef-
ficacy of the drugs. The invasive mode and frequency may lead to ocular complications.125

When these agents come into the system, they may cause systemic complications such as
stroke and myocardial infarction.126 To overcome these limitations and to avoid the conse-
quences, some implant devices with the properties of sustained-release were developed.127

But this is another invasive strategy that has its effects like increased intraocular pressure,
glaucoma, and cataract.

These limitations of conventional therapy have pushed scientists toward developing
different approaches for preventing DR to get advantages such as prolonged contact time,
improved penetration, and reduced systemic exposure. This can be achieved by using nano-
technological approaches.

6. Nanoparticles in ocular delivery

The potential application of nanotechnological approaches in optical delivery is a chal-
lenge to the corresponding researchers owing to several limitations.128 The optical barriers
are a limitation for penetrating the drugs in the posterior part of the eye. Retinal and corneal
epithelium, endothelial cells, and RPE contain tight junctions that limit drug diffusion.129

Along with this, there are blood-retinal barriers that also limit the delivery of the drug by sys-
temic circulation. Thus, the classical approaches result in very low drug bioavailability. The
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bioavailability of some drugs in the eye posterior region can be improved by nanoparticles
which also reduce the frequency of invasive strategies and adverse side effects.130

In the middle ‘80s, nanoparticles with polymeric matrices were projected as useful carriers
for topical drug administration into the eye.131 PACA was the first polymeric nanoparticle
used in this aspect.132 From that time onwards several other polymeric compositions have
been investigated. Lipid nanoparticles, such as Solid Lipid Nanoparticle (SLN), liposomes,
and Nanostructured Lipid Carriers (NLC) are also known for optical drug delivery. They
are mainly made up of physiological lipids, which include phospholipids, glycerides, and
ceramides, and are biocompatible with or without any toxic effects.133 To further increase
their bioavailability and avoid ocular rejection and mucosal irritation, coating polyethylene
glycol on the nanoparticle surface is often done. This strategy is often considered as a prefer-
able substitute for drug delivery to the eye posterior.134

Dendrimers are also useful carriers, which entrap the drug molecules in their complex
network. Polyamidoamine (PAMAM) is the most frequently used material for producing
dendrimers. These systems tend to enhance persistent drug delivery in the eye’s posterior
part; however, its cytotoxicity is a major disadvantage.135 Nanoparticles of cationic and bio-
adhesive materials showed the best retention time at the ocular surface.136 There are some
nanoparticles and nanomaterials used for treating various ocular diseases. They are described
in the following section (Fig. 16.7).

7. Nanomaterials for the treatment of DR

7.1 Nanoparticles

7.1.1 Gold NPs

Owing to the specific physicochemical characteristics, gold nanoparticles are widely used
in the field of biomedicine, especially for drugs carrier, gene therapy, and photothermal cure
of cancer (Fig. 16.8).137,138 Gold NPs (AuNPs) are synthesized and stabilized by a variety of
ligands, which manipulate their characteristics. The ligands for stabilizing gold NPs are spe-
cifically selected for the encapsulation of drugs and their release to specific target tissues.139

Depending on the process of synthesis, AuNPs range from 1 to more than 120 nm.140 AuNPs
bound drugs can be delivered either by covalent bonding, or are encapsulated to the surface
by supramolecular interactions. AuNPs are sometimes combined with hydrogels, an
approach to couple their characters that lead to a biocompatible drug delivery system.138

AuNPs might overcome the limitations of gene delivery associated with viral vectors. It
has been seen that the AuNPs are used as transfection agents in the cornea with successful
therapeutic doses and did not cause any morphological, toxic, or inflammatory response
in vivo.141 Moreover, the topical administration of AuNPs on the cornea of rabbits did not
change their behavior and thus is not detrimental to their visual ability.141 However, the
use of these nanoparticles for a longer time is largely unknown and should undergo clinical
trials to understand the pharmacokinetics to make sure that they do not cause toxicity or
damage to the eye.

The antiangiogenic properties of gold NPs were first demonstrated by Mukherjee et al. in
mouse ears.142 They showed binding of AuNP to growth factors such as VEGF-165 results in
inhibition of their activity and thus the signaling event that follows. Additionally, negatively
charged AuNP of 10 nm is found to have the best antiangiogenic characteristics. Kim et al.
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showed this inhibition in a mouse model of premature retinopathy.143 Uncontrolled adsorp-
tion of protein on nanoparticle surfaces might inhibit their in vivo activity. Synthesis of a bio-
inspired protein corona around AuNP by Jo et al. was carried out to mimic the ocular
environment.144 They examined the properties of this complex on HUVEC by doing intravi-
treal injections in the eyes of mice and beagles. With this corona also, AuNPs were capable of
binding with VEGF, and their antiangiogenic properties were also retained, suggesting the
interaction of AuNP with tissue-specific protein corona enhances the in vivo properties of
the nanoparticles by shielding them from nonspecific adhesion of proteins.

7.1.2 Silica NPs

Silicate or silicon dioxide nanoparticles (SiNP) are used to deliver drugs, gene therapy as
well as a combined therapy. From the reports of Jo et al., it was found that the SiNPs have
antiangiogenic properties which might result from inhibition of VEGF receptor-2 (VEGFR-
2) phosphorylation. The study also demonstrated the low cytotoxic effect of SiNPs on
neuronal and endothelial cells of the retina.144 Thus SiNPs can be used to treat retinal
neovascularization.

FIGURE 16.7 Different nanomaterials used for targeted drug delivery in the eye posterior.
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7.1.3 Cerium oxide

Many of the diseases of the retina such as premature retinopathy, retinitis pigmentosa, dia-
betic retinopathy, age-induced macular degeneration, and glaucoma are caused by oxidative
stress.145e148 The retina possesses the maximum oxygen metabolism and thus has the risk of
generating oxidative damage. Cerium is a rare element and cerium oxide (CeO2) possesses
antioxidant activity. Along with the traditional antioxidant agents, cerium oxide nanopar-
ticles or nanoceria is gaining importance in recent years.149 CeO2 nanoparticles have high
scavenging activity with very less or no toxicity after drug delivery to the eye.150 These nano-
particles possess intrinsic antioxidant properties similar to vitamins C and E. In addition, they
also have catalytic antioxidant enzymatic potentials of SOD and catalase. The mechanism that
underlies its activity is due to the dual oxidation state that depends on reaction conditions.151

Nanocercia change between Ce4þ and Ce3þ states, which creates a vacancy for oxygen and
thus act as the biological ROS scavenger. Recently it is reported that nanoceria possess anti-
inflammatory,152 neuroprotective,153 cardioprotective,154 radioprotective,155 antiangio-
genic,156 antiinvasive,157 pro and antioxidative,158,159 proapoptotic and antiapoptotic
properties.160 In the last few years, researchers have tried to address the potential use of nano-
ceria as a therapeutic antioxidant for treating diseases caused by oxidative stress.160 Its small
size (of about 5 nm allows it to pass through cell membranes), excellent biocompatibility, and
nontoxic nature make it a unique nanoparticle. CeO2 nanoparticles have the ability to be used
as potential carriers of drug delivery agents. Cerium oxide nanoparticles prevent the
increased intracellular ROS in the primary culture of rat retinal cells.161 These nanoparticles

FIGURE 16.8 Application of gold nanoparticles.
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can prevent retinal neovascularization by lowering retinal VEGF levels and thus can be a use-
ful therapeutic approach to treat DR.162

7.1.4 Magnetic nanoparticles

The interaction of various drugs with magnetic nanoparticles (MNPs) suggests their use as
a promising material for ophthalmic drug delivery.163 There are different classes of MNPs,
which include bimetallic, metallic, and superparamagnetic iron oxide NPs.164 The reactive
surface of MNPs allows modification by bioactive molecules, biocompatible coatings, or tar-
geting moieties thus, increase their target specificity and protect the healthy cells from dam-
age.165 MNPs are biodegradable, and therefore they are intrinsically safe.

Recently MNPs have been investigated for their ability to function as intraocular nanocar-
riers for drug delivery.166 Although, there is no such study reported regarding the effect of
MNPs on humans for ocular applications, their usage for ocular treatment has been proposed
and evidence from different studies suggests that the iron oxide MNPs are nontoxic to the eye
tissues.167 Studies in Zebrafish and Xenopus have shown that MNPs, when injected intraocu-
larly, enter rapidly into the retina and localize persistently within the RPE.163 When these
MNPs are functionalized with recombinant VEGF, they were found to be localized to the
choroid.163 This shows that the binding of MNPs with various bioactive molecules may
induce specific targeting in the eye’s posterior region.

7.1.5 Polymeric nanoparticles

Polymeric nanoparticles are generated as the synthetic monomers undergo polymerization
or by scattering natural macromolecules on synthetic polymeric matrices. Polymeric nanopar-
ticles that are most commonly used include PLA, PLGA, polyvinyl alcohol, chitosan, and
PMMA.168 They are made of solid matrices that either adsorb drugs on their surface or the
drugs are loaded in the core. PLGA was popularly used in ophthalmology owing to its biode-
gradability, nontoxic, nonimmunogenic characteristics.20 Chitosan is inexpensive, biodegrad-
able, and nontoxic; thus possesses a great interest in polymeric drug delivery systems.
Chitosan has strong mucoadhesive properties, thereby showing greater penetrability and sus-
tained release.169

Attia Shafie et al. formulated and tested nanoparticles loaded with betamethasone sodium
phosphate to treat macular edema.170 Investigations of these nanoparticles were done to un-
derstand their physicochemical characteristics and their in vitro effect demonstrated an initial
burst phase which was followed by slow release. Permeability studies were performed
in vivo for the optimized formulation of these nanoparticles on the rabbit model, which
showed that the nanoparticles are effective in drug delivery to the eye posterior.21

7.1.6 Lipid nanoparticles

Nanoparticles based upon lipids are developed to cope up with the limitations of poly-
meric nanoparticles. Unlike polymeric systems, solid lipid nanoparticles (SLN) contain a solid
lipid matrix. The lipid sensitivity of the eye is a major concern, which often restricts the ap-
plications of SLN in optical drug delivery. As SLNs are comprised of physiological lipids,
they are nontoxic. Another advantage of SLN includes its ability to enhance corneal absorp-
tion. These nanoparticles are adhesive which may enhance the retention time and improve
ocular bioavailability.171
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7.1.6.1 Lipid carriers

The second generation of lipid nanoparticles includes nanostructured lipid carriers (NLC),
developed to rule out the disadvantages of SLNs.172 NLCs comprise solids and liquids that
are biocompatible along with surfactants and drugs. NLCs are made by incorporating a
liquid lipid into a solid lipid matrix which forms a structure having a high amount of crystal
imperfections. This ensures enhanced drug accommodation together with the stability of the
nanocarrier.173 Thus NLC has evolved as an efficient ocular delivery system. NLC has several
other advantages which include: (1) lipophilic drug encapsulation, to increase their retention
time and slow excretion than the conventional formulations, (2) increased ocular adhesion to
remove the risk of enzymatic degradation and interaction with epithelial membrane. All
these characters depend on the shape, size, surface charge, and lipid components of NLC
that interact with the tear film lipid layer, thereby increasing their ocular availability.174

The affinity of NLC with ocular mucosa may be influenced by its surface properties. There-
fore, surface modification can be done to improve the residence time by coating with cationic
lipids, cationic polymers, or surfactants to achieve a positively charged system that induces
electrostatic interactions with the corneal anionic surface.175 NLCs are mostly formulated by
biological lipids, thereby these nanoparticles show minimal toxicity and excellent toler-
ance.176 The ability of mangiferin NLCs to improve ocular bioavailability was studied by
Liu et al.177 Oxidative stress is the major cause of eye diseases like cataracts, DR, and macular
degeneration.178 Mangiferin, a potent antioxidant that also has antiinflammatory and antibac-
terial activity and is used for the treatment of DR.179

7.2 Nanoliposomes

Nanoliposomes are single or multi-layered lipid membranes that surround a hydrophilic
core. These are synthetic vesicular systems generated from natural or artificial cholesterol
and phospholipids that are nontoxic. Characteristics of a liposome depend on lipid composi-
tion, size, the charge on the surface, bilayer fluidity, and the mode of synthesis.180 Liposomes
are preferred for the delivery of therapeutic agents due to their ability to encapsulate hydro-
philic molecules inside the core and the hydrophobic drugs remain in bilayers.181 They have
certain advantages as an ocular drug carrier: (1) incorporation of lipophilic and hydrophilic
drugs, (2) enhanced permeability of drugs by providing improved retention, (3) increased
biocompatibility, (4) controlled drug release, (5) improves bioavailability.181 Drugs inside
the liposomes are protected from enzymatic degradation. Currently, 11 liposomal formula-
tions are available, however, several are under preclinical and clinical trials.182

7.3 Niosomes

Similar to liposomes, niosomes are bilayered lamellar structuresmade of nonionic surfactants
that surround a hydrophilic aqueous core.183 Lamellar structures are favored in ocular targeting
because of their stability; cost-effectiveness; easy availability of the raw materials; unlike phos-
pholipids, the surfactants do not require any specific conditions and preventive measures.184

They provide enhanced durability by preventing the ocular metabolism of drug molecules.
Some studies have shown the potential use of niosomes as ophthalmic delivery agents with
the advantage of significantly improving the bioavailability and observed no irritation with
this formulation.185 Vyas et al. reported an increased bioavailability of timolol maleate (a
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hydrophilic drug) encapsulated in niosomes in comparison to the drug alone.186 Niosomeswere
also found to be a potential ophthalmic carrier of gentamicin sulfate. These suggest niosomes be
considered as a potential ophthalmic carrier for topical drug administration.187

7.4 Nanomicelles

Nanomicelles contain amphiphilic moieties that assemble in an aqueous environment in an
ordered structure in which the polar heads are projected outward, and the single-tailed hy-
drophobic regions are oriented toward the core.20 Nanomicelles offer unique advantages in
ocular drug delivery for their small size and enhanced permeability over ocular epithelia
without any irritation.188 They are either composed of: (1) Anionic (sodium dodecyl sulfate),
nonionic (n-dodecyl tetraethylenemonoether), and cationic surfactant (dodecyl trimethylam-
monium bromide) or (2) polymeric systems.188

7.5 Nanoemulsions

Nanoemulsion is an oil-in-water emulsion, in which the droplets are formed from a liquid
lipid core surrounded by a lipid monolayer.189 The use of surfactants stabilizes these struc-
tures and results in increased permeability, which facilitates drug uptake in the deeper ocular
layers.190 Thus nanoemulsions provide a faster effect with smaller doses, resulting in minimal
ocular side effects, and increasing patient compliance.191 However, nanoemulsions are not
well suited for persistent drug release.192 Incorporation of nanoemulsions into in situ-forming
gels, the polymeric substances that form a gel in the eye upon administration due to the phase
transition characteristics, an increase in the retention time, and improved therapeutic perfor-
mance may be achieved.193

7.6 Nanogels

Nanogels are nanoscale systems of lipophobic polymers, loaded with both hydrophobic
and hydrophilic drugs.194 The sustained release of the administered drugs can be achieved
by controlling the rate of degradation of the cross-links.20 Nanogels are known to have the
potential to bypass the barriers in the eye and thus can be used for retinal drug delivery.195

Currently, nanogels have promising strategies for the delivery of ocular drugs and thus act as
a feasible alternative to the eye drops used conventionally for treating various eye diseases.196

7.7 Cyclodextrins (CD)

Cyclodextrin-based nanosystems are capable of delivering drugs from the eye’s surface to the
posterior region.113 The molecule is composed of a hydrophilic exterior surrounding a hydro-
phobic core that captures a variety of molecules, starting from apolar to polar molecules.197

CD has been proposed as a new attractive biomaterial to obtain hydrogels. This combines the
ability of CDs to form inclusion complexes with the swelling property of hydrogels.198 The
use of nanosystems based on CD for increased stability, and enhanced bioavailability of lote-
prednol etabonate as an effective treatment for ocular allergic conjunctivitis.199 Therapeutics
based on cyclodextrin derivatives are a potential route to target ocular diseases.200
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7.8 Dendrimer

These are highly branched, synthetic polymeric nanoparticles that range from 2 to 10 nm in
diameter.201 They are soluble in water and chemically modifiable macromolecule systems
composed of three components: (1) a core at the center, (2) an external surface containing func-
tional groups, and (3) an interior dendritic structure.202 They have certain advantages: (1) en-
capsulates hydrophobic drugs into the core cavities, (2) cannot be easily taken by the RES for
their size and low polydispersibility index, (3) improved solubility, permeability, and retention
time (4) improved biocompatibility, (5) enhanced targeting.21 PAMAM is the main component
from which dendrimers are prepared. Drugs are captured in polymeric dendrimers through
covalent bonds, ionic interactions, hydrogen bonding, or hydrophobic interactions.20 Den-
drimers are capable of delivering a drug to the eye posterior. However, the presence of func-
tional groups may cause cytotoxicity, which is a major limitation of these nanoparticles.

7.9 Quantum dots (QDs)

These nanoparticles have a significant impact on nanotechnological applications due to
their wide use in various fields such as physics, chemistry, and biology.203 They possess a
nanocrystalline structure having a size of 2e6 nm and with semiconductor properties. The
nanocrystalline structure is formed by heavy metals such as cadmium selenide at the core
which is surrounded by an unreactive zinc sulfide shell.204 Sometimes an outer coating is
also present that contains various bioactive molecules with specific functions. QDs possess
unique optical and fluorescence properties as a result of their small size and composition
which cannot be seen in traditional fluorophores. The unique properties of QDs include (1)
a high signal-noise ratio, (2) minimum photobleaching, and (3) wide absorption spectra
with narrow emission spectra.205 Thus, these nanoparticles are often used as imaging agents
to label retinal neuronal cells, glial cells, and endothelial cells. Currently, a novel approach
using QDs is under development which involves neuronal activation by light-driven stimu-
lation of photoresponsive substances. A recent study suggested that management of retinal
degeneration is possible by using a silicon-based QD having the ability to move electrical
stimulus to the retinal cells.206

8. Nanotechnological approaches to treat DR

8.1 Neuroprotectant-loaded nanoparticles

Endogenous neuroprotectants have an excellent capacity to block some of the important
pathological pathways of DR, however, their effects are short-term and thus repeated admin-
istration would be necessary.207 Thus, neuroprotectants loaded on nanoparticles may be a
useful strategy to administer them to the retina to improve treatment outcomes.207 Various
studies have addressed to design and characterize NPs for the treatment of DR.208 The studies
have also checked the probability of NPs targeting neuroprotective agents to the diabetic
retina. Several reports have suggested that the administration of Octriotide (OCT) function-
alized MNPs inhibit cell proliferation, migration, and tube formation induced by VEGF in
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different models of DR.209 Additionally, ex vivo retinal explants have been shown to decrease
retinal cell apoptosis by oxidative stress under the treatment of MNPs functionalized with
OCT.210 It was also found that OCT combined MNPs enable sustained release of OCT. All
the studies reported that the functionalization does not alter the bioactivity of OCT, as the
functionalized OCT also showed the same effects as free OCT. Similar investigations have
also been carried out with neurotrophin NGF and a neuropeptide PACAP.207

8.2 Subretinal and systemic delivery systems

Subretinal delivery of gene and drug carriers has been developed to overcome the ocular
barriers of the vitreous.211 Ocular gene delivery through subretinal injection was investigated
by Naash et al.212 It was shown that the use of compact DNA nanoparticles can restore the
function of cone cells to a normal level along with improved rod cell function as compared
to subretinal administration of the DNA alone. The results along with the clinical safety213

of the nanoparticles after subretinal administration allow their potential use in gene delivery
for managing various ocular diseases. For the delivery of different agents to the posterior
segment through BRB, the systemic route has also been studied.214 The inner BRB or iBRB
possesses tight junctions, which prevent the entry of systemic drugs into the ocular space.
To overcome this limitation a novel approach was developed by Humphries et al. that
uses RNAi-mediated suppression for the reversible opening of the tight junctions.215 This
allowed the therapeutics with low molecular weight to be delivered to the retinal outer layer
but does not allow molecules above 1 kDa.

Surface-modification of PLGA nanoparticles by transferrin and an RGD peptide (arginine-
glycine-aspartic acid) was done for the delivery of an anti-VEGF plasmid.216 Systemic incor-
poration of these RGD-functionalized nanoparticles into the CNV rat model was able to affect
retinal neovascularization. Thus, surface modification of nanoparticles allowed gene delivery
to the outer segments of the photoreceptors, and the RPE and REC cells were better than the
nanoparticles that have not undergone functionalization.

8.3 Intravitreal delivery systems

Intravitreal delivery enables the delivery of drugs or particles directly to the vitreous hu-
mor allowing them to diffuse or penetrate further to the retina.217 A report by Behar-Cohen
et al. suggested preferential localization of PLA nanoparticles (310 nm) in the RPE of Lewis
rats by intravitreal administration even after 4 months from a single injection.218 Thus, the
formulation of nanoparticles is important to prevent the quick clearance of drugs and mole-
cules in the retina and vitreous for prolonged delivery.219,220 The use of steroid and nonste-
roid drugs in several retinal diseases because of antiinflammatory, antiangiogenic, and
neuroprotective abilities is often limited to their solubility problems. This limitation causes
their early elimination or accumulation in ocular tissues resulting in local toxicity, increased
intraocular pressure as well as degeneration of the optic nerve.221 A strategy was developed
by Kannan and Iezzi for retinitis pigmentosa to deliver a steroid known as fluocinolone ace-
tonide (FA) by using PAMAM dendrimers as a targeted carrier for sustained drug delivery.
This showed their biodistribution depending on the disease pathology and selected
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localization in the retinal microglial cells.222 Moreover, neuroprotective effects of these
dendrimer-FA conjugates were also seen, which were found to be more useful than free drugs
at a relatively low concentration (w20-fold lower). Such strategies of treatment with
improved drug sustainability may help in reducing the incidence of intravitreal injections
and improve drug efficiency by targeted delivery.

8.4 Antiangiogenic nanoparticles

A wide range of retinal disorders are associated with angiogenesis and are termed
Angiogenesis-related blindness (ARB). These include diabetic retinopathy, retinopathy of
prematuration (ROP), and age-related macular degeneration (AMD).223 Conventional treat-
ments of ARB involved surgical and focal treatments, like cryotherapy and laser photocoag-
ulation. Recently intravitreal administration of antibodies against VEGF is used to treat
pathologic angiogenesis. However, these methods have several limitations as it requires
repeated injections due to relatively short duration which may lead to injection-related
complications.224,225

Nanoparticles are thought to overcome these limitations by improved bioavailability.224

Several nanoparticles are examined for their antiangiogenic effects.226 The pioneering work
on the gold nanoparticles to evaluate their antiangiogenic properties was done by Bhatta-
charya et al. From in vitro studies, it is found that the gold nanoparticle’s antiangiogenic
properties derived from the inhibition of glycoproteins like VEGF165 and bFGF which binds
to heparin.142,227 Various reports also suggest that the gold nanoparticles also can prevent
retinal neovascularization by inhibiting the activation of the VEGF-2 receptor.143 In addition,
in vitro studies on bovine RPE cells suggested gold NPs inhibit VEGF-induced angiogenesis
by blocking the Src pathway,228 a kinase involved in the VEGF-induced proliferation
in vivo.229 Silica nanoparticles have antiangiogenic effects on retinal neovascularization
which suggest the importance of size, shape, mass, as well as background material of NP,
which is an important factor while determining antiangiogenic effects.230 Furthermore, silver
nanoparticles also inhibit proliferation as well as migration of the endothelial cells induced by
VEGF and mechanisms thought to induce apoptosis.231 Antiangiogenic property is also seen
in nanoceria. Nanoceria causes reduction of ROS level and regression of neovascular le-
sions.162 Recently, the antiangiogenic potential of the titanium oxide nanoparticles was also
checked and it was seen that intravitreal administration of TiO2 nanoparticles at a nontoxic
dose may reduce the vascular tufts.232

However, the frequent administration of these inorganic nanoparticles may have toxic ef-
fects as they are nonbiodegradable and are not eliminated easily from the body. Although,
the application of one injection may be tolerable frequent applications may lead to accumu-
lation and decomposition of the nanoparticles with time which may create problems in the
sensitive neural retina.233

8.5 Retinal degeneration

The degeneration of the retina is also a target of nanoparticle-based therapies in retinop-
athy. Currently, no definite cure exists for retinal degeneration except for antioxidant
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treatment. Nanocercia were shown to prevent photoreceptor cell degeneration induced by
light by decreasing the ROS level in the retinal cells.234 Various studies in this regard suggest
that these small nanoparticles mimic antioxidant enzymes to inhibit the production of
ROS.235

8.6 Nanoparticles for optical gene therapy

Gene therapy targets the cause rather than the symptoms of a disease after the insertion of
oligonucleotides to a particular site within the genome.236 Gene therapy approaches either
introduce corrective genes or block the expression of malfunctioned genes. However, gene
therapy approaches face substantial problems due to the nonavailability of safe and efficient
viral and nonviral vectors. The eye serves as an excellent organ for gene therapy because of its
several outstanding features. First, it has a well-compartmentalized structure that allows the
delivery of nanoparticles precisely to the specific eye tissues, which minimizes their systemic
exposure.237 Secondly, the ocular tissue contains a stable cell population which may provide
adequate longevity with highly efficient transduction.237 Lastly, due to the immune privilege
of the eye, an immunogenic response can be avoided mostly.238 Various nanoparticle-based
model systems of gene therapy, as well as gene delivery, are being examined for treating
retinal and choroidal neovascularization.239 Currently, gene therapy is mainly used to regu-
late VEGF expression. The two most prominent strategies were used: (1) to increase the
expression of VEGF-capturing molecules or (2) to directly decrease VEGF expression or
manipulate the signaling pathways associated with VEGF.240 Marano and his coworkers first
described the use of intraocular drug delivery by nanomaterials to decrease the expression of
VEGF. With the help of a synthetic lipid-lysine dendrimer, they delivered an anti-VEGF sense
oligonucleotide to choroidal lesions. These complex nanomaterials were able to inhibit
choroidal neovascularization (CNV) for some months and were also found to be distributed
all over the retina up to the RPE without any toxic effects.241 Similar effects were seen after
intravascular administration of a siRNA targeted to VEGFR-1 mRNA, loaded in PEGylated
cationic liposomes was able to reduce the CNV area.242 PLGA nanoparticles have been inves-
tigated extensively for delivering plasmids encoding antiangiogenic proteins loaded on
biodegradable PLGA nanoparticles. After administration, these nanoparticles are hydrolyzed
and their payload is released for a sustained period.243 Moreover, the PLGA matrix protects
the incorporated plasmid from degradation by the nucleases.244 Intravitreal administration of
a plasmid that codes for HIF-1a shRNA, loaded on PLGA nanoparticles causes a significant
reduction in leakage from neovascular lesions. HIF-1a controls transcription of VEGF and
thus therapeutic interference of HIF leads to downregulation of VEGF expression.245

8.7 Nanoparticle-mediated drug delivery

The complex anatomy and physiological barriers present in the eye often limit the delivery
of drugs and in a conventional system, it is often affected by poor bioavailability in the eye.129

Recent advancements in nano-based delivery systems have the potential to overcome these
limitations. Nanocarrier-based ocular drug delivery has three major aims that are: (1) to
enhance the drug permeability, (2) to control drug release, and (3) to manipulate the
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nanocarrier’s surface with specific target molecules.246 Although various types of nanocar-
riers have been examined for optical drug delivery, the application of polymeric and lipid
nanoparticles has the most potential and their use could transform ocular therapy, especially
for the disease of the eye posterior segment.247

Nanoparticle-based delivery systems allow sustained drug release from nanocarriers
(Fig. 16.9), thereby improving their bioavailability. Moreover, after loading the drug on a
nano-based system, their aqueous solubility is greatly influenced which prevents degrada-
tion.248 Controlled release of the drugs has the potential to increase the interval between
intravitreal injections and thereby have great ocular applications. Intravitreal administration
of dexamethasone-loaded PLGA nanoparticles was found to prevent leakage from CNV le-
sions.249 Corticosteroids can be used as a therapeutic agent; however, the surface area-
volume ratio is quite high for these nanoparticles resulting in rapid release of the high
amount of glucocorticoid and thus it was not possible to achieve their sustained release.250

The same kind of effect was also seen in the subconjunctival application of the
budesonide-loaded PLA nanoparticles.251 A micellar system was synthesized by Oh and
his coworkers. This consists of hyaluronate and a water-insoluble antagonist of VEGFR-1,
which was able to inhibit choroidal neovascularization (CNV) as compared to the antagonist
alone.252 The vascular leakage could be further reduced by loading genistein, an isoflavonoid
interfering with VEGF in the micelles.253 Controlled drug release from nanoparticles also
gives an additional advantage of lowering the toxicity that may arise from high concentra-
tions of the drug. Doxorubicin (DXR) is such an agent that suppresses HIF-1a, having a
strong antiangiogenic potential.254 Although DXR is effective in preventing neovasculariza-
tion in the eye, it also exerts deleterious effects on the function of the retina.255 The retinal
toxicity was diminished when synthesized in PEG-PSA nanoparticles but retained the antian-
giogenic properties.255 Other investigations used a delivery method to the eye posterior, in
which aerosolized nanoparticles were added to the gas during the gas exchange phase of vit-
rectomy in the porcine eyes. This method has improved the delivery of a variety of pharma-
cotherapeutic agents for the treatment of various ocular disorders.21

FIGURE 16.9 Application of drug-loaded nanoparticles. After some time the drug molecules are diffused
throughout the cornea.
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9. Toxicity of nanoparticles in retinopathy

The retina as a multilayered structure consists of three nucleated cell layers and two layers
of plexiform.223 When the light comes to the retina, it is transformed into electrical signals by
photoreceptor cells and gets transmitted to the optic nerve.256 The external factors such as in-
fectious organisms or the therapeutic agents, often damage the cells participating in the pho-
totransduction process and thus deteriorating the visual response. Thus before the clinical
applications, each candidate nanoparticle should be evaluated to not have any definite
toxicity on the retina.235 In the case of retinopathy, the toxicological properties are studied
in association with the therapeutic effect of the nanoparticles. Thus, there are very few studies
on the nanoparticle toxicity aspects. Previous reports on nanoparticle application in retinop-
athy have shown no definite toxic effect on the retina as confirmed by the histological exam-
inations as well as electroretinography, which is a measurement of the electrical responses in
the retina.235 There are several studies on the toxicity of polymeric nanoparticles based on
types, concentrations, and tail length.257,258 One of the studies showed that the intravitreal
administration of gold nanoparticles at minimal concentrations did not induce any toxicity
on the retina or optic nerve.259 In another study, DNA-compacted PEG nanoparticles for
treating retinal degeneration, subretinal administration of the nanoparticles at lower concen-
tration induce neither the lymphocyte infiltration nor increase inflammatory cell markers.213

Hafeli et al. suggested that iron nanoparticles coated with short polyethyleneoxide tails
showed more toxicity compared to the nanoparticles with long tails.257 Alteration of surface
characteristics reduces toxic effects on endothelial cells and RPE. Prow et al. showed the use-
fulness as well as safety of the magnetic nanoparticles along with the chitosan and PCEP
nanoparticles258 by examining the abnormalities of RPE, neuroinflammation, and retinal
degeneration. They further proved the intravitreal, as well as subretinal administration of
the magnetic nanoparticles, did not show any toxicity in the retina.

9.1 Factors affecting toxicity

Various factors can affect nanoparticle toxicity in the ocular tissues which include size,
shape, physicochemical characters, dosage, assessment time, and biodistribution of nanopar-
ticles in the eye.260,261 Although more studies have emphasized their formulation efficacy,
many studies also focus on histology-based toxicity evaluations, along with immunohisto-
chemistry, neuroinflammation, and neuronal toxicity.235 Besides the factors affecting the
nanoparticles’ toxicity, magnitude and concentration are two main factors that might have
important roles. Administration of the nanoparticles should also be done at a particular con-
centration to ensure aimed effects with minimal toxicity. Nanoparticle surface charge also af-
fects the toxicity and integrity of the bloodeneuronal barrier.262 The neutral and anionic
nanoparticles at low concentrations do not have any toxic effect on the integrity of BBB. How-
ever, anionic and cationic nanoparticles at higher concentrations exerted alterations in BBB.263

In this context, iron and carbon black nanoparticles did not cause intracellular ROS formation
even at higher concentration.264 Zinc oxide nanoparticles cause dose-dependent toxic ef-
fects.265 The safety of the nanoparticles for optical gene delivery was compared by Lutty
et al.258 Intravitreal and subretinal injection of PCEP and magnetic nanoparticles do not cause
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any inflammation or pathological effect on the retina. Goldberg et al. demonstrated various
sizes of magnetic nanoparticles on ocular toxicity after intravitreal administration of dextran-
coated magnetic nanoparticles.167

The ocular biodistribution of the nanoparticles along with the disease has a cumulative ef-
fect on nanoparticle toxicity. In a rat model, PAMAM dendrimers were readily cleared from
the healthy eyes after intravitreal injection. In a diseased retina, the dendrimers were local-
ized in the microglial cells of the retina.266 Neuroinflammation might be another contributor
to dendrimer toxicity. ODN-1, an anti-VEGF oligonucleotide conjugated with a lipophilic
dendrimer made of amino acids was injected intravitreally into rat eyes to inhibit laser-
induced CVD. Dendrimer-ODN-1 do not show any increase in the inflammation-related an-
tigens and was biocompatible as seen by immunohistochemistry.241 The intravitreal route
requires a much lower dose compared to the systemic route thus helps to reduce nanoparticle
toxicity. Henceforth, by synthesizing nanoparticles of various sizes, physicochemical proper-
ties and modified surface properties can be done to minimize their toxicity.235,267

10. Conclusion

Diabetic retinopathy appears as a consequence of diabetic complications and is a major
cause of vision loss throughout the world. The high economic burden of its treatment along
with some complications such as cataracts, tear in the eye, glaucoma make the disease diffi-
cult to treat. Furthermore, the route of administration, the carrier molecules, are the short-
comings for treatment efficiency. Besides this, the current treatment methods are invasive,
painful, and can restore the lost vision only partially. With the development of nanotech-
nology, many nanomaterials have been created to treat various ocular diseases. Nanomateri-
als, due to their small size can cross important ocular barriers that often limit ocular delivery.
Hence, the ocular drugs can be delivered to the eye’s posterior region, the potential site of DR.
Furthermore, complex nanoformulations combining the antioxidative and antiangiogenic
properties of various nanoparticles with gene therapy can be developed to treat or prevent
the onset of DR. Various trials in the nonhuman model followed by a clinical trial in humans
will help to treat DR without much side effects.
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1. Introduction

Cancer is one of the most common life-threatening illnesses and is currently among one of
the leading causes of death worldwide. Different treatment protocols have been developed,
including surgery, radiotherapy, immunotherapy, and chemotherapy.1 Conventional chemo-
therapy is the most commonly used approach in cancer treatment and it mainly relies on
small molecule anticancer drugs that interact with DNA molecules, modify them and induce
cell death in cancer tissues. However, anticancer drugs used in chemotherapy have many dis-
advantages, such as low solubility, poor pharmacokinetics, including rapid degradation and
undesirable biodistribution, low specificity, inefficient cellular uptake, limited targeting, pro-
duce severe side effects, and are toxics.2,3 These limitations have led to the urgency to develop
novel strategies to overcome these shortcomings.

In the last few decades, nanomedicine, emerging technology of the 21st century, has been
exploiting nanotechnology for several biomedical purposes, mainly disease treatment, diag-
nosis, molecular imaging, and theragnosis, as well as regenerative medicine and tissue engi-
neering. From the beginning, nanomedicine has been frequently associated with the use of
nanoparticles in oncology and it has assumed an important role in cancer therapy based
on diverse tailor-made drug delivery systems.2,4,5

Among the different types of nanomaterials that have been developed for cancer treatment
and diagnosis, polymer-based nanostructures capable of targeting transport and follow-up
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site-specific controlled drug release have gained great attention.3,6e11 Polymeric nanomateri-
als, especially those based on amphiphilic block copolymers (ABCP) have been widely used
in nanomedicine applications as contrast/imaging agent carriers, drug delivery systems, and
integrated theragnostic platforms owing to their improved biocompatibility, water dispersi-
bility, tunable compositions, extended bloodstream circulation duration, and facile
functionalization.3,7,10,11 Polymer self-assemblies are formed by the association of ABCP
that produces different nanostructural arrangements, including micelles, vesicles (also called
polymersomes), liquid crystals, and other complex topological structures (Fig. 17.1).3,10,11

Self-assembled nanocarriers have been widely used to encapsulate or entrap therapeutic
and/or imaging agents due to the enhanced solubility, increased drug efficacy, and reduced
drug toxicity and degradation compared with small molecule drugs alone.3 In particular,
stimuli-responsive nanocarriers that response to the local environment of tumor tissue, on
the basis of internal or external stimuli of the tumor, has been developed for cancer targeted
drug delivery applications and have gained popularity in recent times (Fig. 17.2).7,8,12

ABCP-based self-assemblies can accumulate in the tumor microenvironment for enhanced
permeability and retention effect (EPR, passive target) or by the union to any receptor over-
expressed in tumor cells (active target) (Fig. 17.3). In comparison to the EPR effect in that
takes place in passive targeting, active targeting has offered a new direction of modern nano-
carrier design, providing extra advantages for targeted cancer therapy.3 Nanocarriers for

FIGURE 17.1 Schematic structures of some amphiphilic block copolymers-based self-assembled nanocarriers,
including typical and reverse polymeric micelles, vesicles, also known as polymersomes based on diblock and tri-
block copolymers, and hexagonal, lamellar, and cubic liquid crystal mesophases.
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active targeting need to be modified with affinity ligands, namely functional organic mole-
cules, carbohydrates, peptides, antibodies, and aptamers, which can selectively recognize
complementary receptors, through specific ligand-receptor interactions, thus promoting
intracellular uptake.13

FIGURE 17.2 Schematic representation of stimuli responsiveness utilized in cancer-targeted drug delivery.

FIGURE 17.3 Schematic representation of passive and active targeting in the tumor microenvironment.
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In this chapter, the main features regarding the most outstanding contributions in the
arena of stimuli-responsive self-assembled nanostructures, mainly focusing on polymer-
somes, since they have been the subject of several recent researches.14 The recent advances
in their biomedical applications in the treatment of cancer will be highlighted.

2. Amphiphilic block copolymers (ABCP) and self assembled nanocarriers:
how and why?

Self-assembly processes are generally low-cost and large-scale techniques, which can be
suitable for different purposes, including the development of nanocarriers for biomedical
application.11,15 Simple but effective bottom-up approaches are the base of self-assembly pro-
cesses. This process starts from the monomers for arriving at the structures nanocarrier, by
tailoring experimental parameters that readily and selectively lead to produce different types
of nanostructures with novel morphologies and high performance to be applied for therapeu-
tic purposes.11,16

Molecular self-assembly raises the spontaneous formation of ordered and well-organized
structures. The self-assembly process arises under kinetic and thermodynamic conditions that
allow local and specific molecular interactions, including electrostatic or hydrophobic inter-
actions, p-p interactions, hydrogen bonding, and van der Waals forces, which allow keeping
the organized molecules at a stable state, thus achieving the minimal energy in the
nanostructure.10,17,18

As-mentioned, polymer self-assemblies are formed by the association of ABCP. These
polymers can be obtained by well-known techniques of copolymerization employing two
or three types of comonomers that usually form linear macromolecules in a block distribution
of each monomer. The hydrophobic and hydrophilic functional groups present in the como-
nomer molecules confer the amphiphilic behavior to the obtained ABCP.11

Linear di-block (AB), triblock (ABA, BAB, or ABC), multi-block, or star-block copolymers
can be prepared,11,19 where A, B, and C denote distinct blocks.11,20 Then, ABCP can be consid-
ered as a kind of polymer alloy. In general, ABCP is obtained by a combination of hydropho-
bic biocompatible blocks that usually consist of polyester and poly(amino acids) covalently
bonded to a biocompatible hydrophilic block.21 Poly(ethylene glycol) (PEG) is the most
commonly used hydrophilic block because of its adequate properties, which include minimal
immunogenicity, high water-solubility, high hydration, and flexibility.11 ABCP composed by
PEG and hydrophobic linear aliphatic polyesters, such as poly(L-lactide) (PLA), poly(lactide-
co-glycolide) (PLGA) and poly(ε-caprolactone) (PCL) has been approved by the Food and
Drug Administration (FDA, USA) for therapeutic applications.22

As-stated above, ABCP has the ability to assemble into different supramolecular architec-
tures in an aqueous solution aimed at minimizing energetically unfavorable hydrophobee
water interactions. In self-assembly processes novel supramolecular morphologies are ob-
tained, in which molecules assemble themselves without the presence of outside interactions.
There are critical geometric and flexibility requirements for the construction of different mor-
phologies, which depend on the inherent molecular curvature and how it influences the pack-
ing of the copolymer chains that form the ABCP. Specific self-assembled nanocarriers can be
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targeted according to a dimensionless “packing parameter”, p ¼ v
ao : lc

, where v is the volume
of the hydrophobic chains, ao is the optimal area of the polar head group, and lc is the length
of the hydrophobic chain(s) of the amphiphilic molecule. Therefore, P value of a given mole-
cule allows the prediction of most likely self-assembled morphology. As a general rule, spher-
ical micelles are most likely when p � 1

3, cylindrical micelles when 1
3 � p � 1

2, and
polymersomes 1

2 � p � 111,23 (Fig. 17.4).
Particularly, for self-assembled nanocarriers based on ABCP, not only the p is an important

parameter to be considered but also it is convenient to characterize the preferred aggregate
morphology by the hydrophilic volume fraction (f), which is defined as the relation between
the hydrophilic portion of the polymeric chain and the total molecular mass. In this way,
spherical micelles are favored when f � 0:60, cylindrical micelles when 0:47 � f � 0:60,
and polymersomes when 0:22 � f � 0:47 (Fig. 17.4).24 Based on experimental evidence, for
ABPC containing PEG as a hydrophilic chain, spherical micelles are most likely with a
PEG volume fraction f > 50%, cylindrical micelles are favored at 40% < f < 50%, and poly-
mersomes are preferentially formed at 25 < f < 40%.11,25

FIGURE 17.4 Interrelations between the self-assembled nanostructures formed by amphiphilic copolymers in
aqueous solution and their hydrophilic volume fraction, f, and packing parameter, p. The type of structure formed is
due to the inherent curvature of the molecule, which can be estimated through the calculation of its dimensionless p.
Adapted with permission from García MC, Quiroz F. Nanostructured polymers. In Narayan R, editor. Nanobiomaterials:
Nanostructured materials for biomedical applications. Cambridge, UK: Elsevier: 2018; pp 339e356. Copyright 2018
Elsevier.
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Conventional micelles based on hydrophilicehydrophobic AB diblock copolymers have
been extensively reported. They spontaneously form in aqueous media when the polymer
concentration is above the critical micelle concentration.26 As shown in Figs. 17.1 and 17.4,
the structure of a spherical polymeric micelle consists of an external hydrophilic surface
and a hydrophobic core. For that reason, these self-assembled nanocarriers can efficiently
load hydrophobic drugs and imaging agents in their hydrophobic cores. In addition, they
can load hydrophilic drugs coupled or adsorbed to the hydrophilic corona,9,10,27,28 and, even-
tually, spherical polymeric micelle can be used as carriers of hydrophobic and hydrophilic
payloads. Core-inversible micelles (reverse micelles, Fig. 17.1) have also been reported, which
can load hydrophilic drugs in their hydrophilic cores.10,28 Polymeric micelles present various
advantages as nanocarriers, such as high biocompatibility, ease of preparation and load with
the drug, and small size (less than 100 nm) that allows deep penetration into tissues, higher
stability compared to traditional surfactant-based micelles.28,29 In cancer therapy, their small
size allows them to participate in extravasation through the fenestrations in tumor vessels
(see Fig. 17.3) and to avoid or limit their uptake by the mononuclear phagocytic system. Hy-
drophilic surface properties also protect them from immediate recognition and subsequently
increase their circulation time in the bloodstream.30

Depending on p and f values, spherical micelles pack into cubic liquid crystals, cylindrical
micelles form hexagonal liquid crystals, and lamellar aggregates pack as lamellar liquid crys-
tals (Fig. 17.1). Liquid crystals assume a solid crystal character but preserve the mobility of
liquids, thus, they are structures in a differential state called mesophase, where the prefix
“meso” means “intermediate”.10,31 Moreover, the ordered arrangement of the molecules
can increase the viscosity of the system providing an additional advantage for drug delivery
systems.31e33 It has been reported that liquid crystal systems significantly change the release
profile of drugs and reduce their toxicity, improving clinical efficiency.10,31 Another advan-
tage of liquid crystals is that they can be stored for long periods because they are thermody-
namically stable.31

Under appropriate preparation conditions, ABCP with specific chemical composition will
form vesicular assemblies, defined as polymersomes (Figs. 17.1 and 17.4), which have gained
great attention in the last 2 decades due to their architecture and advantages compared to
their natural lipid counterpart, liposomes.4,34 Polymersomes exhibit an architecture where
the hydrophilic corona of the membrane faces the aqueous core and outer aqueous phase,
and the hydrophobic layer of the membrane separates the inner from the outer medium.4

These self-assembled nanostructures have spherical forms, and in their hydrophilic core
can encapsulate water-soluble payloads, while the hydrophobic layer may incorporate lipo-
philic molecules.35 Because of their macromolecular nature, the polymeric chains entangle be-
tween each other allowing an extra interaction between the copolymers, thus, their higher
chemical and physical stability and toughness are superior to liposomes.10,35,36 Their mem-
brane thickness can be tailored by shifting the hydrophobic ratio of the copolymers. Further-
more, polymersomes are chemically versatile. Their physicochemical properties, including
size, polarity, biodegradation, membrane thickness, permeability, stimuli-responsiveness as
well as targeting capacity can be modified through the selection of appropriate molecular
weight, chemical composition, and proportion between hydrophobic and hydrophilic blocks
of the ABCP.10,25,37 Polymersomes exhibited colloidal stability in aqueous media and tunable
and resistant membrane properties, thus they have been explored as nanoplatforms for
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therapeutic delivery, due to their ability to encapsulate a wide range of hydrophobic and hy-
drophilic payloads, such as anticancer drugs, proteins, and genes.25,36,38 Furthermore, more
recent applications include imaging and theragnostic.39e41 Their use as imaging nanoplat-
forms has been explored since they provide higher resolution compared to conventional tech-
niques and allow in vivo monitoring of biological pathways and cellular functions, besides
being noninvasive.25,41

Therefore, the use of ABCP for obtaining self-assembled nanocarriers has been largely
explored, since they exhibit the traditional advantages of polymeric materials including flex-
ibility and cost-effectiveness, and extra advantages because of their ability to self-assemble.
Moreover, it is possible to obtain control over block functionalities and properties, thus
tailoring the nanostructures for required applications.19 Possible morphologies and function-
alities have recently been opened up because of the remarkably diverse and growing range of
ABCP architectures that are now available, including those based on stimulus-responsive
block copolymers,23 in which this chapter will focus on.

3. Internal stimuli-responsive self-assembled nanocarriers

Internal stimuli-responsive self-assembled nanocarriers based on ABCP can be prepared to
release their payload in a programmed manner to specific intracellular stimuli. These stimuli
trigger remarkable changes in the nanocarrier structure, leading to the release of the thera-
peutic molecules in a particular biological environment. Responsive ABCP-based nanocar-
riers have been explored for the intracellular delivery of a wide range of anticancer drugs.
Even though passive and active targeting strategies (Fig. 17.3) contribute to the accumulation
of drug-loaded nanocarriers at an intracellular level, their drug delivery performance can be
improved by incorporating appropriate trigger responsiveness in the nanocarrier. In partic-
ular, endogenous triggers exploit the characteristics and microenvironment of the tumor,
which is completely different from normal tissue physiology. Thus, a range of internal stim-
uli, including changes in pH, redox state, glucose, and enzyme triggers within tissues and
cells, can be utilized.

3.1 pH-responsive self-assembled nanocarriers

pH-responsive nanocarriers have attracted great attention and are one of the most estab-
lished stimuli-responsive nanocarriers because of the presence of physiological pH gradients
within the body. The extracellular pH of a tumor (w6.5e7.2) is slightly lower compared to
normal tissues and other biological fluids in physiological conditions (w7.4). pH decreases
in intracellular endosomes (pH 5.5e5.0) and lysosomes (pH 4.0e4.5). pH-responsive self-
assembled nanocarriers are generally constructed by ABCP with acid-cleavable bonds or
ionizable groups designed to carry, deliver, and control the release of payloads to the tumor
tissue by exploiting the low pH in the tumor microenvironment.7,42e46

As an example, pH-responsive nanocarriers can be formed by ABCP based on hydrolysis-
susceptible aliphatic polyesters, such as PLA or PCL, as hydrophobic blocks. For instance,
Discher’s group reported on biodegradable polymer assemblies prepared with PEG-PCL
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and PEG-PLA block copolymers, which were loaded with both paclitaxel and doxorubicin.
These pH-responsive nanocarriers exhibited capabilities to permeate and shrink tumors,
inducing apoptosis in proportion to the accumulated drug. pH-triggered hydrolytic degrada-
tion of the ABCP and polymersomes suffered degradation-induced phase transitions to mi-
celles, which could explain the mechanism for the controlled release of drugs.38 Later,
Deng et al. synthesized a series of novel PEG-b-PCL copolymers methoxy poly(ethylene gly-
col)-b-poly(ε-caprolactone-co-g-dimethyl maleamidic acid-ε-caprolactone) (mPEG-b-P(CL-co-
DCL)) bearing different amounts of acid-labile b-carboxylic amides on the polyester moiety.
These copolymers formed pH-responsive micelles, which were loaded with doxorubicin with
a high loading content because of electrostatic interaction. The b-carboxylic amides function-
alized micelles showed a negative charge and they were stable in a neutral solution. In acidic
conditions (pH 6.0), they quickly changed to positively charged. The pH-triggered negative-
to-positive charge reversal, resulting in a very fast drug release in acidic conditions and
enhanced cellular uptake by electrostatic absorptive endocytosis as demonstrated in hepato-
cellular carcinoma cells (HepG2).47

Several acid-cleavable linkers, including hydrazone, imine, ortho ester, and acetal have
been studied for the preparation of self-assembled nanocarriers based on ABCP. Moreover,
nanocarriers with ionizable groups can be also obtained. They usually contain ABCP with
weak acidic groups such as carboxylic or sulfonic acids (i.e., poly(acrylic acid), poly(metha-
crylic acid), among others) and/or weak basic groups such as primary, secondary, or tertiary
amine groups (i.e., poly(b-amino ester), poly(lysine), poly(histidine), among others), which
are sensitive to pH and can suffer changes in conformation or solubility in response to
changes in environmental pH via ionization (protonation or deprotonation).7,8,48 These types
of linkers can be integrated into the main chain or the pendant chains of the ABCP to prepare
self-assembled nanocarriers with tunable degradation kinetics.42,48e50

Zhu et al. reported on a coassembly method for the preparation of pH-sensitive nanocar-
riers, using comb-shaped amphiphilic polymers, i.e., cholate grafted poly(L-lysine) (PLL-CA),
with an acid-cleavable amphiphilic PEG�doxorubicin conjugate obtained via an acid labile
benzoic imine bond. They observed that the permeability of the coassembled polymeric ves-
icles could be tuned by changing either the PLL-CA/PEG-DOX weight ratio or the environ-
mental pH from 7.4 to 6.5, and destabilization of nanostructures occurred at lower pH values
such as 5.0. pH-responsive membrane permeability and triggered dissociation of the nano-
structures led to enhance uptake by breast cancer cells (MCF-7) under a condition close to
the extracellular environment of solid tumor (pH ¼ 6.5).49 Wang et al. reported on the prep-
aration of acid-disintegrable nanocarriers based on pH-responsive diblock ABCP for intracel-
lular drug delivery. ABCP were PEG-b-poly(2-((((5-methyl-2-(2,4,6-trimethoxyphenyl)-1,
3-dioxan-5-yl)methoxy)carbonyl)amino)ethyl methacrylate) (PEG-b-PTTAMA). The nano-
structures containing cyclic benzylidene acetals in the hydrophobic bilayers were relatively
stable under neutral pH, whereas they underwent hydrolysis with the liberation of hydro-
phobic 2,4,6-trimethoxybenzaldehyde and the simultaneous generation of hydrophilic diol
moieties upon exposure to acidic pH milieu. By loading hydrophobic model drug (Nile
red) as well as doxorubicin as a hydrophilic drug into the bilayer and aqueous interior of
the polymersomes, respectively, the subsequent release of Nile red and doxorubicin was
remarkably regulated by the pH of the release media, showing that a lower pH value led
to a faster drug release profile. Moreover, these nanostructures were easily taken up by
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cervical carcinoma cells (HeLa) and were primarily located in the acidic organelles after inter-
nalization, where the pH-responsive cyclic acetal moieties were hydrolyzed and the
embedded payloads were therefore released, allowing for the on-demand release of the
encapsulants mediated by intracellular pH.42 Another pH-sensitive PEG-based nanocarrier
consist on vesicles based on hydrolytically self-cross-linkable PEG-b- poly(2-diethylamino
ethyl methacrylate)-stat-3(trimethoxysilyl) propyl methacrylate] (PEG-b-P(DEAEMA-stat-
TMSPMA) copolymer. Polymersomes were formed spontaneously in tetrahydrofuran/water
mixtures, with the hydrophilic PEG chains forming the corona and the pH-sensitive
P(DEAEMA-stat-TMSPMA blocks being located in the membrane walls. The authors demon-
strated that nanostructure walls were pH-sensitive. At low pH, protonated P(DEAEMA-stat-
TMSPMA blocks led the membrane to swell, along with increasing permeability. Also, they
found that higher degrees of cross-linking resulted in lower wall permeability.51

PEG-based micelles have also been reported. For instance, Huang et al. reported on PEG-
poly(acetal urethane) (PAU)-PEG triblock copolymers that readily formed micelles in water
(Fig. 17.5). Acetal degradation was accelerated at pH 4.0 and 5.0, indicating their responsive-
ness to pH changes. Doxorubicin was loaded into the nanostructures and it was released in a
controlled and pH-dependent, being faster at lower pH (4.0 > 5.0 > 7.4). Doxorubicin-loaded

FIGURE 17.5 pH-responsive poly(ethylene glycol)-poly(acetal urethane)-poly(ethylene glycol) (peg-pau-peg)
triblock copolymer micelles for intracellular doxorubicin (DOX) delivery. Reproduced with permission from Huang F,
Cheng R, Meng F, Deng C, Zhong Z. Micelles based on acid degradable poly (acetal urethane): preparation, pH-sensitivity, and
triggered intracellular drug release. Biomacromolecules 2015;16(7):2228e2236. Copyright 2015 American Chemical Society.
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PEG-PAU-PEG micelles showed a high in vitro antitumor activity in both doxorubicin-
resistant MCF-7 human breast cancer cells (MCF-7/ADR) and mouse leukemic monocyte
macrophage cells (RAW 264.7).52

Triblock ABCP has also been widely used to prepare polymersomes. Dan and Ghosh re-
ported on the synthesis of an ABCP by sequential thiol-acrylate Michael addition reaction
in one pot. In an aqueous medium, the resulting polymer showed spontaneous vesicular as-
sembly, which disassembled selectively under mild acidic conditions (pH 5.5) resulting in
sustained release of encapsulated guest molecules.53 Zhong’s group reported that 2-[3-[5-
amino-1-carboxypentyl]-ureido] pentanedioic acid (Acupa)-decorated pH-responsive
chimeric polymersomes (Acupa-CPs) efficiently deliver therapeutic proteins into prostate
cancer cells. Acupa-CPs were constructed from PEG-b-poly(2,4,6-trimethoxybenzylidene-
pentaerythritol carbonate)-b-poly(succinic acid carbonate) (PEG-PTMBPEC-PSAC) and
Acupa-PEG-PTMBPEC-PSAC triblock copolymers. The obtained polymersomes displayed
highly efficient loading of both model proteins evaluated (bovine serum albumin and cyto-
chrome C) ant the in vitro release studies showed that protein release was markedly acceler-
ated at mildly acidic pH due to the hydrolysis of acetal bonds in the vesicular membrane.
They also studied targeted delivery and anticancer effects of granzyme B (GrB)-loaded
Acupa-CPs. These prostate-specific membrane antigen (PSMA)-targeted polymersomes
showed a long circulation time in nude mice and showed promising properties as efficient
GrB nanocarriers for targeted prostate cancer therapy (Fig. 17.6).54

pH-sensitive inversion of polymersomes from poly(acrylic acid)-b-polystyrene-b-poly(4-
vinylpyridine) (PAA-b-PS-b-P4VP) have also been obtained. pH triggered morphological
changes of the triblock copolymer from vesicles to solid spherical aggregates and then
back to vesicles. The segregation is based on the difference in repulsive interactions within
the PAA or P4VP corona under different pH conditions. At low pH, the P4VP blocks are qua-
ternized, and therefore the repulsive interactions among P4VP chains are increased; the PAA
blocks, however, are protonated at low pH and the repulsive interactions among the nonionic
PAA blocks are low. Alternately, at high pH, the PAA blocks are neutralized, and the repul-
sive interactions among PAA coronas are high, whereas the repulsive interactions among the
P4VP blocks are low. Asymmetric vesicles with preferentially segregated acidic and basic
corona chains could thus be formed by control of the repulsive interaction among corona
chains under different pH conditions, i.e., with PAA on the outside at high pH and P4VP
outside at low pH. Vesicles with PAA on the outside at high pH can be inverted to P4VP
on the outside at low pH, whereas the vesicles are under dynamic conditions.55

ABCP constituted by polypeptides are a versatile class of stimuli-responsive building
blocks for obtaining self-assembly nanocarriers and they have gained considerable attention
for their high biocompatibility, biodegradability, and complex secondary conformations.48,50

The conformation of the peptide with ionizable side groups can be reversibly manipulated by
environmental changes, including pH, ionic strength, temperature, or solvent, which regulate
the morphology of peptide-based nanocarriers. Furthermore, ionizable groups can also be
used to interact with oppositely charged drugs or bioactive macromolecules via electrostatic
interactions.7 Polymersomes fabricated from polypeptide-based ABCP have received a partic-
ular name, they are called pepsomes, and have been evaluated for several biomedical appli-
cations, including cancer therapy.48 For instance, poly(glutamic acid) (PGA)- and PLL-based
polypeptide block copolymers containing polybutadiene (PBD), polyisoprene (PI), or
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FIGURE 17.6 Schematic illustration on long-circulating prostate-specific membrane antigen (PSMA)-targeting
pH-sensitive biodegradable chimeric polymersomes (Acupa-CPs) for active loading and triggered intracellular
release of granzyme B (GrB, apoptotic protein) into prostate cancer cells. These nanocarriers efficiently load, deliver
and release GrB to PSMA-overexpressing prostate cancer cells, inducing specific and superior anticancer effects.
Reproduced with permission from Li X, Yang W, Zou Y, Meng F, Deng C, Zhong Z. Efficacious delivery of protein drugs to
prostate cancer cells by PSMA-targeted pH-responsive chimeric polymersomes. J Control Release 2015;220:704e714. Copyright
2015 Elsevier.
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poly(trimethylene carbonate) (PTMC) have been synthetized for preparing pH-responsive
polymersomes.56e58 These nanostructures resulted from a polyelectrolyte corona and a sec-
ondary structure of PGA or PLL in the block copolymers. The load of doxorubicin into
them was achieved with high loading efficiency and high stability at room temperature,
and the drug release rate increased at acidic pH or with increasing temperature.59 Reversible
polymersomes as a function of pH in water have been also produced in moderate acidic or
basic aqueous solutions from zwitterionic polypeptide diblock copolymers (PGA-b-PLL).46

Stable pH-sensitive polymersomes have been also obtained by simply mixing a pair of oppo-
sitely charged ABCP that contain a PEG block and an ionic block prepared from aniomers
and catiomers.60 This class of polymersomes also received a particular name and they are
called polyion complexes or PICsomes, and because of their nature do not require organic sol-
vent for self-assembly into polymersomes and the encapsulation of water-soluble macromol-
ecules is easer compared to conventional polymersomes.48 Anraku et al. reported on
micrometer-sized PICsomes, which were obtained by mixing block aniomer PEG-
poly(a,b-aspartic acid) (PEG-P(Asp) and block catiomer PEG-poly([5-aminopentyl]-a,b-as-
partamide) (PEG-P(Asp-AP). These PICsomes exhibited tunable membrane permeability by
chemical cross-linking of the PIC layer and also showed long circulation in the bloodstream.60

ABCP based on polypeptides has also been used to prepare pH-responsive micelles. Wang
et al. reported on the synthesis of PGA-PLA block copolymers to form doxorubicin-loaded
hybrid polymeric micelles to treat melanoma. Drug antitumor activity was regulated by
the conformational transition of PGA-b-PLA. Under acidic conditions, PGA-b-PLA under-
went a change in conformation to form channels, which accelerated the doxorubicin release
rate. The micelles also showed high targeting and tumor-suppressing ability against mela-
noma cells (A375) and in vivo studies demonstrated that the micelles with shorter PGA
blocks could effectively accumulate in tumor tissues.61

The examples above described demonstrating that pH-responsiveness is one of the main
stimuli applied in the design of responsive self-assembled nanostructures for cancer therapy.

3.2 Enzyme-responsive self-assembled nanocarriers

Different diseases, including cancer, can cause altered expressions of different enzymes
leading to increased concentration of matrix metalloproteinases, hyaluronidase, or
cathepsin.12 Enzyme-responsive nanocarriers exhibited advantageous properties due to the
high level of sensitivity, selectivity, and efficiency accompanied by enzymatic conversions
for targeted delivery of therapeutic agents at specific sites.7 Specific enzymatic reactions
have been used in the development of stimuli-sensitive nanocarriers that are switched be-
tween assembled and disassembled nanostructures.48,50

Heise’s group synthetized poly(L-glutamic acid-co-alanine)-b-poly(n-butyl acrylate) (P(GA-
co-Ala)-b-PBAc) and poly(L-glutamic acid-coalanine)-b-polystyrene (P(GA-co-Ala)-b-PS) as
ABCP with various quantities of L-alanine. Micelles and vesicles were prepared from the
deprotected hybrid block copolymers and they studied the effect of peptidases on these nano-
carriers. When the self-assembled nanostructures were exposed to elastase and thermolysin
enzyme, they suffered degradation depending on the polypeptide composition, exhibiting
variable degrees of enzyme-responsiveness. Enzymatic degradation of parts of the
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polypeptide block resulted in nanostructure destabilization.62 Amir’s group reported on
enzyme-responsive micelles based on ABCP constituted by a linear hydrophilic PEG and a
stimulus-responsive dendron with enzyme-cleavable hydrophobic end groups. These amphi-
philic PEG-dendron hybrids are self-assembled in water into micelles with a hydrophilic PEG
shell and a hydrophobic core. In the presence of the activating enzyme (Penicillin G Amidase
from Escherichia coli), the hydrophobic end groups cleaved from the dendron, making it more
hydrophilic. This change in amphiphilicity resulted in the destabilization of the micellar
nanocarriers, leading to their disassembly and release of soluble PEG-dendron hybrids and
the encapsulated cargo (Nile Red). The modularity of these PEG-dendron hybrids allowed
control over the disassembly rate of the formed micelles by simply tuning the PEG length
(Fig. 17.7).63 Aluri and Jayakannan reported on new classes of enzymatic-biodegradable
amphiphilic poly(ester-urethane)s developed from L-tyrosine amino acid resources, which
self-assembled into enzyme-responsive nanocarriers. They exhibited excellent encapsulation
capabilities for doxorubicin and camptothecin. In vitro drug release studies revealed that the
drug-loaded self-assembled nanocarriers were stable under extracellular conditions and they
underwent enzymatic-biodegradation exclusively at the intracellular level to release the
drugs. Drug-loaded nanocarriers exhibited excellent cell killing in cancer cells as shown in
cytotoxicity studies against HeLa cells.64 Another study performed by Jayakannan’s group
reported on new classes of biodegradable amphiphilic block and random copolymers based
on hydrophilic carboxylic-functionalized PCL (CPCL) and hydrophobic PCL. These polymers
were readily dispersible in water, and they were self-assembled into nanocarriers.

FIGURE 17.7 Schematic representation of the encapsulation of hydrophobic guests in the hydrophobic core of a
stimuli-responsive micellar nanocarrier. Upon enzymatic cleavage of the hydrophobic end groups, the nanocarrier
disassembles and the guest molecules are released. Reproduced with permission from Harnoy AJ, Rosenbaum I, Tirosh E,
Ebenstein Y, Shaharabani R, Beck R, Amir RJ. Enzyme-responsive amphiphilic PEG-dendron hybrids and their assembly into
smart micellar nanocarriers. J Am Chemi Soc 2014;136:(21), 7531e7534. Copyright 2014 American Chemical Society.
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They showed excellent capability for loading doxorubicin in the hydrophobic pocket. In vitro
drug release kinetics revealed that the self-assembled nanocarriers were stable under physi-
ological conditions, and they exclusively ruptured in the presence of lysosomal esterase
enzyme at the intracellular compartments to deliver the drug. The “burst” and “controlled”
release of doxorubicin from the nanocarriers was directly controlled by the length and chem-
ical composition of the block and random copolymers. Doxorubicin-loaded nanocarriers
killed cancer MCF7 and HeLa cancer cells, demonstrating their usefulness in the treatment
of breast and cervical cancers, respectively.65

Cathepsin B can be used to cleave certain peptide sequences such as Gly-Phe-Leu-Gly
(GFLG). ABCP that contains this peptide sequence can form self-assembled nanostructures
with cleavable peptide properties, resulting in the release of the payload. For instance, Fei-
jen’s group developed a biodegradable and biocompatible block copolymer of methoxy
PEG (mPEG) and poly(D,L-lactide) (PDLLA) in which GFLGF peptide sequence was intro-
duced in between the two blocks(mPEG-pep-PDLLA). The peptide linker was cleavable by
the lysosomal enzyme cathepsin B. These ABCP self-assembled into polymersomes in
aqueous solutions and disassembled in the presence of the enzyme at pH 5.5, exhibiting rapid
release of the model drug acridine orange. Fluorescein isothiocyanate labeled dextran con-
taining polymersomes demonstrated that peptide linkers were cleaved in the lysosomal com-
partments of the cells, which led to membrane disruption Antiepidermal growth factor
receptor-antibody (abEGFR) was immobilized on the surface of polymersomes in order to
enhance their cellular uptake by human breast cancer cells (SKBR3). These nanostructures
modified with abEGFR demonstrated to be extremely promising as systemic tumor-
targeting drug delivery systems since cathepsin B as well as EGF receptors are overexpressed
in various tumors (Fig. 17.8).66 Gu’s group reported on an enzyme-responsive PEGylated
lysine peptide dendrimer-gemcitabine conjugate based nanocarrier. Owing to the glycyl phe-
nylalanyl leucyl glycine tetra-peptide as an enzyme-cleavable linker to conjugate gemcita-
bine, the prepared nanostructures were able to release drug significantly faster in the
tumor cellular environments, which specifically contain secreted cathepsin B. These self-
assembled nanocarriers presented longer intravascular half-life and high accumulation in tu-
mor tissue via the EPR effect, showing excellent antitumor activity on the 4T1 breast tumor
model.67

The use of GPLGVRGDG peptide sequence was also explored, which cab be cleaved by
metalloproteinase enzyme. For instance, Ge’s group developed a well-defined enzyme-
responsive peptide-linked block copolymer, based on PEG and partially hydrolyzed poly
(b-benzyl L-aspartate) (PBLA) linked by the peptide sequence, thus obtaining PEG-
GPLGVRGDG-P(BLA-co-Asp) ABCP. They self-assembled into micelles and demonstrated
to encapsulate doxorubicin efficiently through the synergistic effect of benzyl group-based
hydrophobic and carboxyl moiety-based electrostatic interactions. Effective matrix metallo-
proteinase-2-triggered cleavage of peptide for dePEGylation. Doxorubicin-loaded micelles
showed high cellular uptake and cytotoxicity against fibrosarcoma cells that overexpress
metalloproteinase-2 (HT1080 cells).68 Hu’s group also reported on metalloproteinase en-
zymes to cleavage self-assembled nanostructures. They reported on the fabrication of a
kind of sandwich-like surface engineered metalloproteinase-responsive nanocarriers,
combining the programmable long circulation and targeting properties, which were
composed of three layers: detachable PEG out layer, a middle layer of folate ligands, and
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PCL core. Two kinds of copolymers were synthesized. One of them is composed of longer
PEG and PCL with a metalloproteinase-2 and metalloproteinase-9-sensitive linker between
PEG and PCL (mPEG-Pep-PCL), and based on PCL-PEG polymer with shorter PEG chain
and modified with the tumor cell-specific folate ligand at the end (FA-PEG-PCL). Camptothe-
cin was loaded in the nanocarriers and it was located in the PCL core covered by the folate
layer and PEG shell. In vitro studies showed that the inhibition efficiency of tumor cells was
dependent on the concentration of the nanocarrier. In the tumor microenvironment, the pep-
tide linker was cleaved by the up-regulated extracellular metalloproteinase 2 and 9, resulting
in the detachment of the PEG layer composed of longer PEG chains, consequently allowing

FIGURE 17.8 Schematic illustration of peptide-containing block copolymers for preparing self-assembled
nanostructures on anti-epidermal growth factor receptor-antibody (abEGFR) was immobilized to PEG chains. Sys-
temic targeting drug delivery by using abEGFR conjugated and peptide-containing polymersomes in which thera-
peutic drugs or proteins are present. Long circulating nanostructures can be passively localized in tumor tissue by the
enhanced permeation effect (A and B). Antibody-mediated endocytosis (C) followed by enzymatic degradation of
polymersomes either in endosomes (D) or in lysosomes (E) may occur especially when lysosomes fuse with endo-
somes. A rapid release of therapeutic drugs and proteins, which can be triggered by the dissociation of polymersomes
as a result of enzymatic degradation (6) will take place. Reproduced with permission from Lee JS, Groothuis T, Cusan C,
Mink D, Feijen J. Lysosomally cleavable peptide-containing polymersomes modified with anti-EGFR antibody for systemic
cancer chemotherapy. Biomater 2011;32(34):9144e9153. Copyright 2011 Elsevier.
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the exposure of the FA layer to enhance the selective binding ability to the melanoma cells
(B16) and strengthened the cell internalization, inducing an enhanced antitumor effect.
In vivo studies performed in ICR mice demonstrated that upon administration, the nanocar-
riers are also accumulated in the tumor via the EPR effect. Thus, these engineered
metalloproteinase-responsive nanocarriers allowed for improving tumor targeting ability,
enhanced aggregation of camptothecin in the tumor site, and increase antitumor efficiency.69

Pramod et al. prepared polymersomes based on dextran, a polysaccharide, and a
renewable-resource alkyl tail. 3-pentadecylphenol and its unsaturated counterpart cardanol,
two main components of cashew nut shell liquid were anchored via an aliphatic ester linkage
to the dextran backbone through tailor-made synthetic approaches. They self-assembled into
polymersomes for dual drug loading and delivering hydrophilic as well as hydrophobic mol-
ecules into cells. Rhodamine-B and the polyaromatic anticancer drug camptothecin were
selectively loaded in the hydrophilic lumen and hydrophobic membrane, respectively. The
aliphatic ester linkage connecting the hydrophobic tail with dextran was demonstrated to
be cleaved by esterase under physiological conditions for the fast release of both drugs.
The drug-loaded polymersomes demonstrated high cellular uptake as tested on mouse em-
bryonic fibroblast cells.70 Later, these polymersomes were used to coload doxorubicin and
camptothecin. They were capable of preserving the anticancer drugs and release in the pres-
ence of the esterase enzyme under physiological conditions. Dual drug-loaded polymersomes
demonstrated that both drugs act synergistically to promote the killing of breast cancer
(MCF7) and colon cancer (DLD1) cells.71 Later, Pramod et al. prepared dual stimuli-
responsive polymersomes for conjugated and physically loaded doxorubicin delivery in
breast cancer cells (MCF7). The pH responsiveness was achieved by the imine chemical link-
age and an enzyme cleavable aliphatic ester bond connected the hydrophobic segment at the
dextran backbone. The imine chemistry was further exploited to anchor doxorubicin in the
dextran backbone, which produced doxorubicin-conjugated dextran polymersomes. The pH
and enzyme responsiveness was achieved through acid labile imine linkages and the lyso-
somal esterase enzyme cleavable aliphatic ester linkage. In vitro studies confirmed the stabil-
ity of dextran vesicular assemblies under physiological pH conditions and confirmed the
cleavage of the acid labile benzylic imine linkage at acidic pH (�6.0). Also, the esterase
enzyme (abundant in lysosomal compartments of cells) assisted the polymersome rupture
and the loaded or conjugated drugs were released in intracellular environments. Their results
provided new insights into the design of pH- and enzyme-responsive self-assembled nanocar-
riers for physically loaded and chemically conjugated doxorubicin and its delivery in breast
cancer cells.72

The ability of enzyme-responsive self-assembled nanocarriers containing chemotherapeutic
drugs or proteins to treat tumors is promising and has been explored in the last few years. Even
though there are important advances in this arena, the development of enzyme-responsive self-
assembled is a relatively new area of research and remains to be tested.36

3.3 ROS-responsive self-assembled nanocarriers

The basis of ROS-based stimuli-responsive nanocarriers is the fact that an increase in ROS
is associated with abnormal cancer cell growth and reflects a disruption of redox
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homeostasis, due either to an elevation of ROS production or to a decline of ROS-scavenging
capacity in cancer cells compared to normal cells.73 Oxidative stress results from the imbal-
ance of ROS generated by aerobic metabolism and antioxidant defenses. Among the theories
stating reasons for high ROS in cancer cells, mitochondrial ROS is an important factor, which
allows for maintaining growth responses in cancer cells.74 ROS mostly consists of hydrogen
peroxide (H2O2), peroxynitrite (ONOOe), hydroxyl radical (HO$), superoxide (O2

e), and
singlet oxygen (1O2), which are produced from various endogenous sources and serve crucial
roles in physiological processes, including cellular signaling and proliferation, apoptosis, and
immune responses.3,7 Taking advantage of the abnormal redox states in tumors and consid-
ering that pathological sites possess distinctive characteristics from their surroundings, these
sites have been considered as targets for site-specific delivery of therapeutic and imaging
agents.7,48 ROS-responsive nanocarriers are an emerging class of nanomaterials in the field
of internal biological stimuli.7

Napoli et al. reported on the first example of the use of oxidative conversions to destabilize
polymersomes. They synthesized triblock copolymer PEG-b-poly(propylene sulfide)-b-PEG
(PEG-b-PPS-b-PEG). These ABCP self-assembled into unilamellar vesicles in aqueous solu-
tions and could be further oxidatively destabilized. The hydrophobic blocks based on PPS
suffered oxidative conversion to a hydrophile block, poly(propylene sulfoxide), and ulti-
mately poly(propylene sulfone). The oxidative process induced morphological changes
from stable polymersomes to worm-like micelles to spherical micelles and ultimately to non-
associating unimolecular micelles.75 Later, Hubbell’s group prepared ROS-responsive poly-
mersomes based on the block copolymer PEG-b-PPS, which were and applied for both
antigen (ovalbumin protein) and adjuvant (gardiquimod) delivery to dendritic cell endo-
somes. Encapsulation of gardiquimod into polymersomes was found to enhance dendritic
cell cytokine expression. With the model antigen ovalbumin as a payload, release resulted
in a cluster of differentiation 8þ (CD8þ) T cell cross-priming by promoting protein antigen
cross-presentation through major histocompatibility complex class I, as indicated by activa-
tion of ovalbumin-specific, CD8þ T cells. They observed that polymersomes can function
as a vaccine delivery platform for inducing cell-mediated antigen-specific immune
responses.76

Boronic esters have been widely studied as ROS-sensitive materials for H2O2-induced
degradation. Liu’s group reported on the fabrication of ROS-responsive polymersomes that
exhibited intracellular milieu-triggered polymersome bilayer cross-linking, permeability
switching, and enhanced imaging/drug release features. During optimization of the chemical
design in terms of self-assembling nanostructure morphologies and H2O2 response rates, they
screened two types of arylboronate derivatives, phenylboronate (PB) and naphthylboronate
(NB) esters, and self-immolative linkers of varying spacer lengths. PEG-b-PNBMA ABCP
was among the four ABCP synthetized the only with self-assembly capabilities. They self-
assembled into polymersomes containing aryl boronate ester-capped self-immolative side
linkages in the hydrophobic block, followed by surface functionalization with targeting pep-
tides (cell-penetrating peptide CGKRK, Cys-Gly-Lys-Arg-Lys) (Fig. 17.9). Upon cellular up-
take, intracellular H2O2 triggers the removal of NB capping moieties, followed by self-
immolative decaying reactions and generation of primary amine moieties. Extensive amida-
tion reactions then occur due to elevated effective molarity and suppressed amine pKa within
hydrophobic bilayer membranes and the equilibrium nature of amine protonation/
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deprotonation, resulting in synchronized bilayer cross-linking and hydrophobic-to-hydro-
philic transition of bilayer membranes inside the milieu of live cells. These mitochondria-
targeted H2O2-reactive polymersomes were also coloaded with doxorubicin and paclitaxel,
and sustained drug release was observed as well as cytotoxic activity against HeLa and
macrophage-like cells (RAW 264.7).77

Li’s group reported on the development of a new type of pH/ROS dual-responsive ABCP
composed of ortho ester and phenylboronic ester components. This ABCP is self-assembled
into micelle-like nanocarriers and their degradation could be modulated by tuning the copol-
ymer composition, the external H2O2 concentration, and the pH. Their results indicated that

FIGURE 17.9 Schematic representation of the preparation of ROS-responsive polymersomes exhibiting intra-
cellular milieu-triggered vesicle bilayer cross-linking, permeability switching, and enhanced imaging/drug release
feature. Mitochondria-targeted reactive polymersomes were obtained through the self-assembly of ABCP containing
aryl boronate ester-capped self-immolative side linkages in the hydrophobic block, followed by surface functional-
ization with targeting peptides. Upon cellular uptake, mitochondrial H2O2 triggers cascade decaying reactions and
releases primary amine moieties; a prominent amidation reaction then occurs due to suppressed amine pKa within
hydrophobic membranes, resulting in concurrent cross-linking and hydrophobic-to-hydrophilic transition of poly-
mersome bilayers inside live cells. Reproduced with permission from Deng Z, Qian Y, Yu Y, Liu G, Hu J, Zhang G, et al.
Engineering intracellular delivery nanocarriers and nanoreactors from oxidation-responsive polymersomes via synchronized
bilayer cross-linking and permeabilizing inside live cells. J Am Chem Soc 2016;138(33):10452e66. Copyright 2016 American
Chemical Society.
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the phenylboronic ester oxidation rate was faster than the ortho ester hydrolysis rate at
neutral pH, and both processes were accelerated with increasing H2O2 concentration
(Fig. 17.10). These nanocarriers showed promising properties for inflammation-specific
drug delivery,78 thus they may be also promising in the treatment of cancer, since cancer cells,
as well as surrounding stromal and inflammatory cells, engage in well-orchestrated recip-
rocal interactions to form an inflammatory tumor microenvironment.79

Recently, Hruby’s group synthesized novel, ready-to-use ROS-responsive ABCP with two
different spacer chemistry designs to connect a hydrophobic boronic ester-based ROS sensor
into the polymer backbone. Polymersomes showed tunable site-specific release of doxoru-
bicin. The reaction with H2O2 released an amphiphilic phenol or a hydrophilic carboxylic
acid, which impacted polymersome stability and cargo release. They demonstrated that
ABCP and polymersomes chemistry influenced the deprotection behavior, showing depen-
dence on ABCP deprotection linkage and H2O2 conditions. By spacer chemistry design
doxorubicin-loaded ROS-responsive polymersomes could enhance the efficacy of doxoru-
bicin in mice bearing EL4 T cell lymphoma, exhibiting a decrease in tumor growth and pro-
longed animal survival. Moreover, side effects (weight loss and cardiotoxicity) were also
reduced compared to free doxorubicin.80

FIGURE 17.10 Schematic representation of the preparation of block copolymers containing a PEG block and a
hydrophobic segment composed of different amounts of pendent ortho ester and phenylboronic ester groups, their
oxidation and hydrolysis reactions. This ABCP can self-assemble into ROS-responsive micelle-like nanocarriers.
Reproduced with permission Song CC, Ji R, Du F-S, Liang DH, Li ZC. Oxidation-accelerated hydrolysis of the ortho ester-
containing acid-labile polymers. ACS Macro Lett 2013;2(3):273e277. Copyright 2013 American Chemical Society.
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Another example of ROS-responsive self-assemblies is the selenium- and tellurium-
containing block copolymers. For instance, Zhang’s group reported on ABCP diselenide
(SeeSe) bonds in the polymer backbone. An ABA-type triblock copolymer was synthetized
based on SeeSe-containing polyurethane (PUSeSe) blocks and PEG (PEG-PUSeSe-PEG).
This ABCP was capable of self-assembled in water to form ROS-responsive micelles. SeeSe
bonds underwent a structural dissociation, inducing the disassembly of the aggregates in
the presence of oxidants (i.e., H2O2) even in a solution with a very low concentration under
mild conditions. These bonds can be oxidized to seleninic acid or reduced to selenol, and in
both cases the cleavage of SeeSe bonds induced disassembly of the rhodamine B-loaded mi-
celles. Moreover disassembly of SeeSe bonds was also produced in presence of reductants
(i.e., glutathione, GSH).81 Later, Xu’s group focused on another chalcogen element, since
tellurium-containing ABCP has become increasingly attractive owing to their unique proper-
ties as biomaterials. Tellurium was introduced into ABCP for the fabrication of ultrasensitive
ROS-responsive tellurium-containing PEG-PUTe-PEG micelles. In presence of H2O2, a fast
response of the micelles is produced due to the oxidation of the telluride groups on the back-
bone into telluroxide groups, which made the micelles more hydrophilic and further leads to
swelling of the micelle core.82 Selenium/tellurium-containing ABCP are emergent materials
to develop self-assembled nanocarriers possessing unique stimuli-responsive properties
and potential biological functions. For further biomedical applications, their toxicity after
degradation needs to be studied more clearly.83

ROS-responsive self-assembled nanocarriers have opened up a new direction for the prep-
aration of ABCP capable of backbone cleavage ability and burst release of payload in the tu-
mor microenvironment. However, in vivo studies and clinical trials need to be performed
aimed at clearly defining their usefulness for cancer therapy.

3.4 Redox-responsive self-assembled nanocarriers

There is a significant redox potential difference between the intracellular and extracellular
microenvironments as well as between tumor and normal tissue. In the extracellular environ-
ment, body fluids (e.g., blood), and on the cell surface, the concentration of one of the most
prominent reducing agents, GSH is lower (2e20 mM) compared to cytosol and nuclei, where
the concentration is higher (10 mM), producing a great reductive microenvironment. The
redox potential of cancer cells is 100- to 1000-fold higher than other cells in the human
body. Therefore, taking advantage of the local redox state in the tumor microenvironment,
and the large difference in redox potential between intracellular and extracellular compart-
ments, redox-responsive self-assembled nanocarriers have been studied for triggered intracel-
lular delivery of a variety of biologically active molecules.7,50

Disulfide (SS) bonds can be readily reduced in an intracellular environment due to the
thiol-disulfide exchange reaction with GSH, a well-known reducing agent. Disulfide bonds
are simply introduced in the middle or side chain of an ABCP or in a cross-linker to provide
them redox-responsiveness. The incorporation of disulfide bonds as cross-linkers in the nano-
structure allows for improving their stability.48 Cleavage of these bonds can induce disas-
sembly of the nanocarriers in reductive environments, releasing the payload.7,36,48,50,84,85
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Various redox-responsive self-assembled nanocarriers concerning thiol-triggered intracel-
lular drug release and imaging have already been reported. For instance, Wen et al. reported
on doxorubicin-loaded micelles based on PEG-sheddable shell and poly(e-benzyloxycarbonyl-
L-lysine) core with a redox-sensitive disulfide linkage (mPEG-SS-PzLL). In the presence of
tumor-relevant GSH concentrations, mPEGSS-PzLL micelles underwent shedding of the PEG
shell via cleavage of disulfide bonds, followed by rapid disassembly of the original micelle
structure facilitating efficient release of the encapsulated payload. Doxorubicin-loaded
mPEG-SS-PzLL micelles effectively reduced cell viability of human MCF-7 breast cancer cells
in a dose-dependent fashion.84 This shell-detachable strategy was also explored by Ren’s
group, who developed sheddable, degradable, and cationic micelles based on intermediate
disulfide-linked PCL-b-poly(N,N-dimethylamino-2-ethylmethacrylate) (PCL-SS-PDMA)
diblock copolymers. These micelles showed GSH-mediated intracellular codelivery of doxoru-
bicin and DNA (Fig. 17.11). The intermediate disulfide linkage was kept intact at the normal
condition and showed excellent redox-triggered doxorubicin release and cell uptake eficiency
as demonstrated against HeLa cells. Moreover, PCL-SS-PDMA/DNA complexes exhibited 10-
fold transfection eficiency in human oral carcinoma cell lines (KB and CAL-27 cells), compared
to polyethylenimine (PEI 25K) used as control. Reduction-triggered cleavage by GSH made
these sheddable and cationic micelles promising carriers for drug and gene delivery in cancer

FIGURE 17.11 Schematic illustration of doxorubicin (DOX) encapsulation, DNA condensation, and subsequent
intracellular release of the disulfide-linked pcl-b-poly(N,N-dimethylamino-2-ethylmethacrylate) (pcl-SS-pdma)
diblock copolymers self-assembled into redox-responsive micelles. Reproduced with permission from Li Y, Lei X, Dong
H, Ren T.Sheddable, degradable, cationic micelles enabling drug and gene delivery. RSC Adv 2014;4(16):8165e8176. Copy-
right 2014 Royal Society of Chemistry.
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therapy.86 In addition, Wang et al. demonstrated the rapid increase of the free drug concentra-
tion in multidrug-resistant cancer cells via the delivery of shell-detachable redox-responsive
micelles. These self-assembled nanocarriers were obtained from single disulfide bond-
bridged block polymers based on PCL and poly(ethyl ethylene phosphate) (PCL-SS-PEEP).
The micelles rapidly released the incorporated doxorubicin in response to the intracellular
reductive environment and led to high cellular retention of the doxorubicin in multidrug-
resistant MCF-7/ADR breast cancer cells, displaying enhanced cytotoxicity.87 Luan’s group
constructed the redox-responsive self-assembled nanocarriers based on the synthesized
mPEG-SS-paclitaxel and mPEG-SS-doxorubicin conjugates. The conjugates were amphiphilic
and self-assembled into mixed micelles with a precise ratio of the two conjugates in the
aqueous solution. In vitro release profile indicated the release of both drugs was synchronized
and controlled in the tumor cells, in a reductive environment. Cytotoxicity studies against A549
and B16 cancer cells indicated that mixed micelles exhibited similar anticancer efficacy to com-
bined free drugs. Interestingly, in vivo studies showed the mixed micelle exhibited higher anti-
tumor efficiency in shrinking tumor size compared to free drugs, while reducing systemic
toxicity during the treatment.88 This strategy of preparing conjugates was also explored by
Kumar et al., who prepared redox-responsive prodrug nanostructures based on xylan-SS-
curcumin conjugate, which could self-assemble in an aqueous medium. They showed excellent
redox-responsiveness due to the disulfide linkage and the presence of GSH allowed dual and
efficient delivery of 5-fluorouracil and curcumin. cell-viability assays demonstrated that 5-
fluorouracil-loaded xylan-SS-curcumin conjugate exhibited enhanced, cell apoptosis induction
and inhibition ability in human colorectal cancer (HT-29 and HCT-15) cell lines than the parent
drugs.89 Furthermore, Hu et al. described the synthesis and self-assembly of a particular ABCP
based on PEG and a polymerized block of reduction-cleavable camptothecin prodrug
monomer (PCPTM) that allowed obtaining PEG-b-PCPTM diblock copolymers, termed as
polyprodrug amphiphiles. These polymers (>50 wt% camptothecin loading content) can be
self-assembled in four different hierarchical organizations (spheres, large compound vesicles,
smooth disks, and staggered lamellae with spiked periphery). Among them, the unprece-
dented staggered lamellae outperformed the other three nanostructure types, exhibiting
extended blood circulation duration, the fastest cellular uptake, and unique internalization
pathways as evaluated in HepG2 and human lung cancer (A549) cells. The controlled hierar-
chical organization of polyprodrug amphiphiles and shape-tunable biological performance
opened up new horizons for exploring next-generation ABCP-based drug delivery systems
with improved efficacy.90

Polymersomes sensitive to change in redox potential, often contain disulfide bonds as well.
One of the advantages of using redox-responsive polymersomes is that a fine-tuning drug
release profile can be provided by changing the number and location of disulfide bonds.
Zhong’s group developed reversibly stabilized, multifunctional cross-linked dextran nanocar-
riers based on dextran-lipoic acid derivatives, which self-assembled into polymersomes in wa-
ter. The addition of a catalytic amount of dithiothreitol yielded stable nanocarriers through a
cross-linking of the core. They were loaded with doxorubicin and showed high drug loading
efficiency. These redox-responsive polymersomes were stable under extracellular conditions
but were rapidly destabilized under reductive environments. A fast de-cross-linking took place
as a result of a high concentration of GSH, which produced a reduction-triggered release of
doxorubicin in vitro as well as inside tumor cells, demonstrating a rapid and efficient delivery
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of doxorubicin into HeLa and RAW 264.7 cell nucleus.91 Thambi et al. synthesized an ABCP
based on three blocks of PEG, PLL and PCL bearing a disulfide bond (PEG-b-PLL-SS-PCL),
which self-assembled into polymersomes in aqueous media. These nanostructures were
coloaded with camptothecin in their membrane and doxorubicin in their aqueous cores. Drugs
were released in a sustained manner under physiological conditions, whereas the polymer-
somes showed triggered release of both drugs in the presence of GSH. These dual drug-
loaded self-assembled nanocarriers showed improved cytotoxicity to squamous carcinoma
(SCC7) cells.92 Sun et al. also reported on PEG-containing polymersomes. They developed
reduction- and pH-responsive cross-linked polymersomes based on the PEGePAAepoly(2-
(diethyl amino)ethyl methacrylate) (PEGePAAe PDEA) triblock copolymers, which were
further modified with cysteamine to yield the thiol-containing PEGePAA(SH)ePDEA. These
disulfide-crosslinked polymersomes exhibited and were rapidly dissociated in response to
GSH at neutral or mildly acidic conditions. These polymersomes were loaded with bovine
serum albumin and cytochrome C, and in vitro release studies revealed that protein release
was fast under the intracellular-mimicking reducing environment. Cytochrome C-loaded
dual-responsive polymersomes induced potent cancer cell apoptosis as observed in MCF-7
and HeLa cells, thus providing an attractive strategy for intracellular protein release.93 Further-
more, Jia et al. developed reduction-responsive cholesterol-based ABCP. The reduction sensi-
tivity was introduced by the disulfide bridge that linked the hydrophilic PEG block and the
hydrophobic PAChol block. PAChol was a smectic liquid crystal polyacrylate-composed of
cholesterol monomers. The obtained PEG-SS-PAChol polymersomes showed physical stability
because of the presence of cholesterol as cross-linker. Calcein was chosen as a model of hydro-
philic molecules to be encapsulated inside PEG-SS-PAChol polymersomes and it was released
from them triggered by GSH.94 Zou et al. reported on tumor-homing, redox-responsive and
reversibly crosslinked multifunctional biodegradable polymersomes, which exhibited
improved performance that PEGylated liposomal doxorubicin. These self-assembled polymer-
somes were based on PEG-b-poly(trimethylene carbonate-co-dithiolane trimethylene carbon-
ate) (PEG-P(TMC-DTC)) and cyclic peptide cNGQGEQc-functionalized PEG-P(TMC-DTC)
(cNGQ-PEG-P(TMC-DTC)). The membrane-forming hydrophobic block consisted of P(TMC)
backbone, and a pendant dithiolane ring, which is analogous to lipoic acid. The peptide
cNGQ was decorated on the surface. The obtained doxorubicin-loaded redox-responsive poly-
mersomes showed efficient loading and stability with minimal drug leakage under physiolog-
ical conditions while spontaneous disassembly and quick drug release was produced in
response to GSH. They also display efficient receptor-mediated internalization, fast intracel-
lular drug release, and high antitumor activity in a3b1 integrin-overexpressing A549 lung can-
cer cells. The in vivo pharmacokinetics and biodistribution studies revealed that doxorubicin-
loaded cNGQ-decorated polymersomes had a long circulation time and significantly enhanced
tumor accumulation compared to PEGylated liposomal doxorubicin and undecorated poly-
mersomes. cNGQ-functionalized polymersomes showed targeted delivery of doxorubicin to
subcutaneous as well as orthotopic A549 human lung cancer xenografts in nude mice, resulting
in effective tumor suppression, significantly improved survival time, and markedly reduced
adverse effects.95 Folate (FA)-targeted polymersomes have also been reported. For instance,
Qin et al. a designed FA-decorated PCL-SS-PEG-SS-PCL based redox-responsive
polymersome-based drug nanocarriers for codelivery of doxorubicin and paclitaxel along
with P-glycoprotein inhibitor tariquidar. This nanocarrier had a high loading capacity and
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enabled simultaneous delivery of three drugs (tariquidar, doxorubicin, and paclitaxel). In vitro
cellular uptake, the study demonstrated that tariquidar-containing FA-decorated polymer-
somes increased drug accumulation into MCF-7/ADR cells via the tariquidar-induced P-
glycoprotein efflux inhibition, and further improved targeting to tumor cells due to FA
receptor-mediated endocytosis. Doxorubicin and paclitaxel were released into the cytoplasm
in responsive to GSH, exerting a synergistic effect and proapoptotic activity against MCF-7/
ADR, which was enhanced dramatically along with the administration of tariquidar. This
FA-targeted redox-responsive polymersomes loaded with chemotherapeutic drugs and P-
glycoprotein inhibitor demonstrated noticeable synergistic effect against human MDR MCF-
7 cells and successfully reversed drug resistance, which displayed high potential in overcoming
multidrug resistance tumors.96

In addition, Bej et al. synthetized two ABA-type ABCP (P1, P2). The hydrophobic B block con-
sisted of a bioreducible segmented poly(disulfide) (PDS), while poly-N-isopropylacrylamide
(PNIPAM) or poly(triethylene glycol) methyl ether methacrylate (PTEGMA) served as the hydro-
philic A blocks in P1 and P2, respectively (PNIPAM-b-PDS-b-PNIPAM and PTEGMA-b-PDS-b-
PTEGMA), leading to the formation of polymersomes and micelles, respectively, owing to the
difference in the packing parameters. Both self-assembled nanostructures were loaded with doxo-
rubicin and showed comparable encapsulation efficiency. GSH triggered drug release, which was
much faster from the polymersomes than micelles owing to the complete degradation of the PDS
segment in polymersome morphology unlike in micelle. Doxorubicin-loaded polymersomes
showed excellent killing efficiency to the HeLa cells, while doxorubicin-loaded micelles revealed
rather poor activity in cancer cells.97

Recently,Wei et al. reported on redox-responsive doxorubicin-loaded polymersomes based
on PEG-P(TMC-DTC) ABCP, which were functionalized with a transferrin-binding peptide
CGGGHKYLRW (TBP-polymersomes). These disulfide-crosslinked polymersomes decorated
with a transferrin-binding peptide, TBP-polymersomes, could selectively and stably bind
transferrin and subsequently mediated targeted doxorubicin delivery to TfR over-
expressing HCT-116 colorectal cancer cells in vitro and in vivo, leading to enhanced tumor
suppression and reduced off-target side effects (Fig. 17.12).98 Another recently research on
targeted redox-responsive polymersomes was reported by Zhong et al.99 They designed
CD44-targeted chimeric polymersomes encapsulating granzyme B as an artificial killer cell
for potent protein therapy of subcutaneous LP1 tumor and bone marrow of orthotopic LP1
multiple myeloma in vivo. Hyaluronic acid-directed reduction-responsive chimeric polymer-
somes showed high stability, CD44 targetability, and reduction-triggered protein release,
thus they emerged as a novel and effective treatment for multiple myeloma.

The described examples of the use of redox-responsive self-assembled nanocarriers demon-
strate their great potential in the treatment of cancer. Further in vivo studies are still required since
several studies are only limited to evaluating the performance of the nanocarriers in cell lines.

4. Exogenous stimuli-responsive self-assembled nanocarriers

Exogenously triggered nanocarriers can react to external physical stimuli, such as temper-
ature, light, magnetic and electric fields, and ultrasound (Fig. 17.3), thus these stimuli-
responsive self-assembled nanocarriers can be remotely controlled for triggering the delivery
of the payloads.
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4.1 Temperature-responsive self-assembled nanocarriers

Among external stimuli, the temperature is the most widespread and it can be used to
trigger the specific responsiveness of self-assembled nanocarriers. Ideally, temperature-
responsive nanocarriers should release their cargo between 37 and 42 �C, otherwise undesirable
effects may appear above 42 �C.7 Thermo-sensitive nanocarriers with temperature-response
properties have been extensively studied in the 21st century because they are interesting can-
didates for applications in cancer nanomedicine.34 Local temperature is slightly higher in solid
tumors compared with that of normal tissues; then, drug delivery systems to accumulate into
the tumor may be developed by adjusting the thermo-responsiveness of ABPC to be between
body temperature and the higher temperature of the tumor.7,36,100

Temperature-sensitive polymers display a phase transition at a determined temperature,
resulting in changes in their conformation, and solubility as well as in their hydrophilic-
hydrophobic balance. Therefore, this type of polymers can change their physical and chem-
ical properties in response to heat.7 Temperature-responsive polymers can be organized into
two main groups. One group is composed of polymers that exhibit an upper critical solution
temperature (UCST), and the other group is integrated by polymers that show lower critical
solution temperature (LCST), thus they become soluble or insoluble, respectively, upon

FIGURE 17.12 Schematic illustration of the fabrication of transferrin-bound polymersomal doxorubicin via a
transferrin-binding peptide (TBP), CGGGHKYLRW. (A) TBP-functionalized polymersomes (TBP-Ps) were self-
assembled from peg-b-poly(trimethylene carbonate-co-dithiolane trimethylene carbonate) (peg-p(tmc-dtc)) and tbp-
peg-p(tmc-dtc) ABCP; (B) Doxorubicin (dox) was efficiently loaded into TBP-Ps via a pH-gradient method; and
(C) incubation with transferrin yielded transferrin-bound polymersomal doxorubicin (tf@tbp-ps-dox). Tf@TBP-ps-
dox could not only increase the accumulation and retention in transferrin receptor over-expressing HCT-116 colo-
rectal tumor cells but also enhanced the cellular uptake compared to ps-dox, leading to enhanced efficacy of targeted
therapy of colorectal cancer in vivo. Reproduced with permission from Wei Y, Gu X, Sun Y, Meng F, Storm G, Zhong Z.
Transferrin-binding peptide-functionalized polymersomes mediate targeted doxorubicin delivery to colorectal cancer in vivo. J
Control Release 2020;319:407e415. Copyright 2020 Elsevier.
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heating. Consequently, UCST and LCST are critical temperature points above and below
which the polymer and solvent become completely miscible.101

Although the most widely studied polymers are relatively temperature insensitive, an
extensive range of temperature-responsive ABCP have been obtained by incorporating PNI-
PAM as block.7,48,50,100 PNIPAM has a typical LCST of 32 �C; then, this polymer can transit
between hydrophilic to hydrophobic when the temperature is switched around this temper-
ature value, which is slightly lower than the physiological temperature. Below LCST, this
polymer is soluble and above LCST it is dehydrated and collapsed to an insoluble chain
conformation. When PNIPAM is applied as the hydrophobic part of an ABCP, it can self-
assemble to form stable nanocarriers at the normal body temperature of 37 �C, while disas-
sembling and rapidly releasing encapsulated payloads at temperatures below 32 �C.50 For
instance, Li et al. reported on self-assembled nanocarriers from thermo-sensitive polyion com-
plex (PIC) micelles from diblock copolymer poly(t-butyl acrylate-co-acrylic acid)-b-PNIPAM
(P(tBA-co-AA)-b-PNIPAM) and graft copolymer chitosan-g-PNIPAM (CS-g-PNIPAM).
Diblock copolymers self-assembled into micelles in solution. The addition of CS-g-PNIPAM
induced aggregation of CS onto micelles to form PIC micelles due to the negatively charged
and positively charged PAA and CS, respectively. The hydrophobic core encapsulated doxo-
rubicin by hydrophobic interactions and the pH-sensitive PAA-loaded doxorubicin by elec-
trostatic interactions. Reducing pH or increasing ionic strength breaks the interactions
between CS/PAA and doxorubicin/PAA triggering drug release. Increasing temperature
above LCST, sensitive PNIPAM chains collapsed resulting in the sustained doxorubicin
release.102 Guo’s group prepared two types of temperature-responsive biodegradable
ABCP, namely poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide-b-lacitde) and
poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide-b-ε-caprolactone), which showed
symmetric hydrophobic blocks. They self-assembled into micelles for further load adria-
mycin. Drug release and hydrophobic core degradation were enhanced at the simulated tu-
mor tissue condition at pH 5.3 and 40 �C. In accordance, in vitro cytotoxicity assay against
stomach cancer (N-87) cells showed enhanced intracellular uptake.103 Chen et al. reported
on P(folate-allylamine-co-NIPA-co-acrylamide-co-octadecyl acrylate) micelles (PFAAM) and
P(folate-PEG-acrylic acid-co-NIPA-co-acrylamide-co-octadecyl acrylate) (PFPAM) micelles
for active tumor-targeting delivery. Paclitaxel was loaded into the micelles and cytotoxicity
assays against A549 and human hepatoma (Bel 7402) cells demonstrated selective tumor tar-
geting efficacy contributed because of the thermal sensitivity and the presence of the folate
receptor.104

PNIPAM-containing star block copolymers have also been developed to prepare self-
assembled nanocarriers. Luo et al. developed a four-arm star multiblock copolymer based
on thermosensitive PNIPAM as arms and hydroxyl-terminated polybutadiene (HTPB) as hy-
drophobic central blocks (PNIPAM2-b-HTPB-b-PNIAM2). These multiblock copolymers were
able readily to form self-assembled micelles for further loading campothecin. Drug release
demonstrated thermo-responsiveness, since temperature-induced structural changes were
observed in the micelles. Campothecin-loaded micelles showed increased cytotoxic activity
against MDA-MB231 human breast cancer cells.105 Furthermore, Panja et al. reported on
temperature-responsive micelles prepared from our-arm star block copolymers, pentaerythri-
tol polycaprolactone-b-poly(N-isopropylacrylamide), and pentaerythritol polycaprolactone-b-
poly(N-vinylcaprolactam), which were tagged with folic acid (PE-PCL-b-PNIPAM-FA and
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PE-PCL-b-PNVCL-FA copolymers) for efficient cancer cell targeting delivery. Doxorubicin
was efficiently loaded into the micelles and it was fast released as a response to the change
of phase above the LCST, which produced shrinkage of temperature-responsive polymer
chains. Doxorubicin-loaded FA-decorated micelles exhibited high cellular uptake and accu-
mulations as demonstrated in FA-overexpressed C6 glioma cells as well as in vivo studies
performed in the C6 glioma tumor rat model. Selective tumor accumulation as well as inhi-
bition of tumor growth, without any systemic toxicity, were observed after their intravenous
administration (Fig. 17.13).106

Regarding temperature-responsive polymersomes, PEG and PNIPAM-based ABCP have
been explored. For instance, Yang’s group synthesized PEG-b-PNIPAM block copolymers
that showed temperature-responsive assembly/disassembly of polymersomes. They were
stable at body temperature and could load both hydrophilic drugs in the aqueous lumen
and hydrophobic molecules in the membrane (e.g., doxorubicin and PKH 26, a red-fluores-
cent dye, respectively). Fast release of both cargoes occurred at temperatures below 32 �C
since the PNIPAM block became hydrophilic. Inducing polymersomes disassemble.107

Zhong’s group prepared water-soluble and temperature-responsive PEG-PAA-PNIPAM tri-
block copolymers, which quickly self-assembled into polymersomes in an aqueous solution at
37 �C. Formed polymersomes could be readily cross-linked at the interface via carbodiimide
chemistry, by adding cystamine. Cross-linked polymersomes showed high stability under

FIGURE 17.13 Schematic representation of temperature-responsive micelles. Reproduced with permission from
Panja S, Dey G, Bharti R, Kumari K, Maiti T, Mandal M, Chattopadhyay S. Tailor-made temperature-sensitive micelle for
targeted and on-demand release of anticancer drugs. ACS Appl Mater Interfaces 2016;8(19):12063e12074. Copyright 2016
American Chemical Society.
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different conditions, such as against dilution, organic solvent, high salt conditions, and
change of temperature in water. FITCedextran, selected as a model protein, was loaded
into polymersomes and showed high loading efficiency. FITCedextran was retained within
the polymersomes at 25 �C, and dithiothreitol triggered their rapid dissociated because of the
reductive environment, mimicking the intracellular environment.108

Hydrophobic polymer blocks have also been used to be conjugated with PNIPAM and the
obtained copolymers self-assembled into complex morphologies at high temperatures.48

Moughton and O’Reilly described thermally induced micelles to polymersomes transition
for a charged chain end diblock copolymer. They prepared a quaternary amine end-
functionalized diblock copolymer based on poly(tert-butyl acrylate) and PNIPAM (PtBuA-
b-PNIPAM). PNIPAM block had this permanently hydrophilic charged quaternary amine
as head-group. These block copolymers underwent a temperature-responsive morphology
transition from micelles to polymersomes. The authors proposed head-group was a key
component to ensure the stability of the diblock copolymer in solution when self-
assembled into a nanostructure. They also anticipated that polymersomes may show limited
membrane permeability toward positively charged and hydrophilic molecules, which could
facilitate their use in temperature-responsive hydrophilic scavenger/encapsulation uses.
Moreover, the exterior and interior charged head-group could be explored for binding biolog-
ically active molecules, including proteins, DNA, or RNA.109 In this regard, Mann’s group
developed proteinepolymer conjugates for obtaining temperature-responsive compartments
named as proteinosomes. They showed protocellular properties, including selective perme-
ability, membrane-gated internalized enzyme catalysis, guest molecule encapsulation, and
protein synthesis via gene expression. These nanocarriers could be dispersed in oil or water.
Temperature change induced membrane permeability to external substrates, producing an
on/off switch for enzymatic reactions inside them.110

As described, plenty of PNIPAM-based temperature-responsive nanocarriers have been
reported and they have shown promising properties for the treatment of cancer. However,
the clinical application of PNIPAM-containing nanocarriers still remains a dilemma, since
it has been reported neurotoxicity of acrylamide monomer, as well as lack of complete
biocompatibility of PNIPAM, due to in vivo experiments performed in mice have shown
systemic toxicity.111 Over the past decades, numerous efforts have been made for obtaining
temperature-responsive nanocarriers other than PNIPAM-based ones. For instance,
nanocarriers based on poly(N-vinylcaprolactam) (PVCL),112,113, poly(trimethylene carbon-
ate)-b-PGA,114 poly(propylene oxide)-b-PLL,115 poly(trans-N-(2-ethoxy-1,3dioxan-5-
yl)acrylamide),116 and modified poly(aspartamide)117,118 have also been reported. To mention
some examples, Kharlampieva’s group reported on temperature-responsive polymersomes
based on PVCL-b-polydimethylsiloxane-b-PVCL (PVCL-b-PDMS-b-PVCL) triblock copol-
ymer. The copolymers self-assembled into stable polymersomes at room temperature and
were loaded with doxorubicin. Their membrane permeability was controlled by PVCL
length, in a temperature range between 37 and 42 �C. Temperatures higher than LCST of
PVCL induced gradual polymersome shrinkage or reversible formation of bead-like aggre-
gates that preserved nanocarrier size change. Interestingly, event though temperature trig-
gered morphological changes they were reversible and did not compromise polymersome
structural stability. In fact, transient pores were formed in the PVCL-b-PDMS-b-PVCL poly-
mersome membrane at elevated temperatures, which allowed drug release, which passed
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through the hydrophobic PDMS layer, without inducing damage to the polymersome struc-
ture (polymersomes remained intact after doxorubicin release). Cytotoxicity studies per-
formed in A549 cells demonstrated that doxorubicin-loaded PVCL-b-PDMS-b-PVCL
polymersomes exhibited a concentration- and time-dependent effect on cell viability.112

Recently, the same research group synthesized poly (3-methyl-N-vinylcaprolactam)-b-
poly(N-vinylpyrrolidone) (PMVC-PVPON) diblock copolymers that self-assembled in
aqueous media and at room temperature into stable temperature-responsive polymersomes.
The decrease in PVPO block length induced variation in LCST of PMVC-PVPON (from 19.2
to 15.2 �C). The polymersomes were loaded with doxorubicin and exhibited high loading ca-
pacity and encapsulation efficiency due to hydrophobic interactions between the polymer
blocks and doxorubicin. These polymersomes exhibited good structural stability in serum.
In vivo studies performed in C57BL/6J mice demonstrated lower cardiotoxicity of doxoru-
bicin from polymersomes compared.113

In addition, pH-sensitive tertiary amines-containing ABCP typically have temperature-
dependent pKa. Hence, they have been used to prepare temperature-responsive self-
assembled nanostructures.7 In this way, Agut et al. synthesized a polypeptide-based poly
[2-(dimethylamino)ethyl methacrylate]-b-PGA (PDMAEMA-b-PGA) diblock copolymer,
which exhibited responsiveness to pH and temperature changes. They are self-assembled
into polymersomes or micelles, depending on the PGA block length. The self-assembly pro-
cess could be tuned as a function of pH and/or temperature. At pH values near the isoelectric
point (IEP), direct or inverse electrostatic polymersomes were generated by electrostatic inter-
actions. At higher pH values, PDMAEMAwas uncharged, and the temperature-responsive of
the ABCP related to LCST behavior of PDMAEMA (w40 �C). Under basic pH conditions and

FIGURE 17.14 Schematic representation of the different morphologies obtained from polypeptide-based multi-
responsive block copolymers. Reproduced with permission from Agut W, Brûlet A, Schatz C, Taton D, Lecommandoux S.
pH and temperature responsive polymeric micelles and polymersomes by self-assembly of poly [2-(dimethylamino) ethyl
methacrylate]-b-poly (glutamic acid) double hydrophilic block copolymers. Langmuir 2010;26(13):10546e10554. Copyright
2010 American Chemical Society.
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below its LCST, free chains of ABCP unimers were evidenced, whereas above its LCST the
hydrophobicity of PDMAEMA induced self-assembly in a reversible manner (Fig. 17.14).119

This ABCP are promising to develop anticancer drug-loaded self-assembled nanocarriers
for cancer nanomedicine.

Recently, Yang’s group developed a novel temperature-polymersome based on noncon-
jugated and PEGylated poly(amide-imide), which showed unexpected red fluorescence.
PEGylation changed from hydrophobic poly(amide-imide) to amphiphilic PEGylated
poly(amide-imide). Below LCST, PEG shielded spontaneous self-assembled into polymer-
somes, whereas above LCST, polymersomes collapsed and phase separation occurred.
These polymersomes showed outstanding biostability and photostability as well as
prohibited fluorescence quenching, showing promising properties for cell imaging.120

As can be observed, different approaches have been studied in the development of
temperature-responsive self-assembled nanocarriers. Due to the wide variety of polymers
and conjugations that can be explored to prepare new ABCP with thermo-sensitive proper-
ties, the horizons in the fabrication of temperature-responsive nanocarriers for cancer therapy
are broad.

4.2 Light-responsive self-assembled nanocarriers

Light irradiation, with variable intensity and wavelength, is an easy and cheap exogenous
stimulus than has been exploited in the development of photo-responsive self-assembled
nanocarriers. Self-assembled can be precisely induced at a specific time and location (spatio-
temporal control) upon exposure to certain wavelengths, which can be ultraviolet (UV), near-
infrared (NIR), and visible (Vis) light.7,50,111 Photo-responsive self-assembled nanocarriers are
frequently based on ABCP that incorporated photo-sensitive moieties, which behave as light-
cleavable linkers or induce light-sensitive degradation or conformational changes.7

Release profiles of payloads from these self-assembled nanocarriers can be controlled by
adjusting three main parameters, namely intensity light, wavelength, and exposure time.
NIR-responsive nanocarriers have been widely studied for biomedical applications since tis-
sue and skin exhibit minimum absorbance in the range of 650e900 nm.3,7,111 Therefore,
photo-responsive nanocarriers show great potential for on-demand drug delivery, accompa-
nied by noninvasive clinical therapy.7,121

As mentioned, in the development of light-responsive self-assembled nanocarriers, photo-
sensitive moieties are incorporated into the ABCP, which then self-assembled into nanostruc-
tures that exhibit responsiveness to light. After light exposure, these nanocarriers dissemble,
dissociate and/or disrupt by photo-induction because of ABCP degradation and/or cleavage
of block linkers, or property changes and/or structural modifications are observed because of
photo-induction, including changes in hydrophilic-hydrophobic balance and reversible
photo-cross-linking.7,111 Among the different moieties, azobenzene (AZO), 2-diazo-1,2-
naphthoquinone (DNQ), spiropyran (SP), o-nitrobenzyl (ONB) as well as coumarin deriva-
tives have been the most widely studied in the development of photo-responsive ABCP to
make them sensitive to light.36,48,50,121

Upon Vis and UV light irradiation, AZO moiety can reversibly change from the trans iso-
mer to the cis isomer. AZO-containing micelles and polymersomes have been developed for
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cancer treatment. For instance, Pearson et al. reported on ABCP containing AZO and b-galac-
tose units, which self-assembled into light-responsive micelles. The use of b-galactose as the
hydrophilic shell was intended to target the galectin-3 receptors, which are overexpressed in
melanoma cells. Upon UV irradiation, AZO units isomerized quickly to their more polar cis
isomers, triggering the release of a hydrophobic payload (Nile red). Cytotoxicity studies
against human melanoma A375 cells demonstrated that micelles exhibited high cellular
uptake, indicating their suitability as nanocarriers for melanoma treatment.122 Bai et al.
synthesized supramolecular prodrug complexes with b-cyclodextrin (b-CD)-acylhydrazone-
doxorubicin and studied the targeting of AZO-terminated poly[2-(dimethylamino)ethyl
methacrylate] as a building block. They self-assembled into multi-compartment vesicles
and complex micelles. Doxorubicin was loaded into them and upon UV-light irradiation
exposure, dissociation of b-CD/AZO was induced, leading to a morphology transition,
which slightly increased the release rate of doxorubicin. These nanocarriers also exhibited
pH-triggered drug release. At pH 5, the release rate increased as a result of the broken
acyl hydrazone bond. Cytotoxicity studies performed against MCF-7 cells indicated cellular
uptake, suggesting a promising behavior for applications in cancer therapy.123 AZO-
containing polymersomes have also been studied for triggering disruption and
disassembly.124e128 For instance, Blasco et al. developed photo-responsive polymersomes
based on AZO-conjugated amphiphilic linear-dendritic block copolymers. They were based
on PEG linear segment linked to a fourth generation 2,2-di(hydroxymethyl)propionic acid
(bis-MPA) based dendron with 4-isobutyloxyazobenzene units at the periphery, then hydro-
carbon chains (C18) were randomly connected to the periphery of the dendron. AZO/C18
ratio influenced the photo-sensitive behavior of the polymersomes as well as the loading
of hydrophilic (rhodamine B) and hydrophobic (Nile Red) molecules. UV light was used as
an external stimulus to trigger the release of the probes from the nanocarriers, which suffered
polymer alterations related to trans-to-cis isomerization of the AZO moieties.129e131 Huang’s
group also reported AZO-containing photo-responsive polymersomes that self-assembled in
water. The AZO-based amphiphilic guest itself self-assembled into solid nanoparticles, and
upon complexation with water-soluble pillar[6]arene polymersomes were obtained, They
exhibited sensitivity to Vis and UV light irradiation, showing reversible transitions between
polymersomes and solid nanoparticles with the trans-to-cis photo-isomerization of the AZO
groups after irradiation.132 Hu et al. reported on giant supramolecular vesicles for photo-
responsive and targeted intracellular drug delivery, which were fabricated by hierarchical
self-assembly of cucurbit[8]uril used host molecule mixed with maleimide-modified methyl-
viologen and hydrophobic 3,4,5-tris(n-dodecyloxy) benzoylamide with an AZO moiety. UV
light irradiation induced trans to cis isomerization, photo-triggering reconfiguration of poly-
mersomes to achieve the controlled drug release. The maleimide moiety allowed further func-
tionalization with thiol-containing target molecules, such as RGD peptide or bovine serum
albumin. Polymersomes exhibited stability, excellent structural integrity, high drug loading
capacity, and photo-switchable drug release in a complex cellular environment. Fast cellular
uptake was observed in A549, MDA-MB-231, and prostate cancer cells (PC-3) cancer cells
(Fig. 17.15).133

SP is a well-known photochromic molecule that has also been evaluated in the develop-
ment of ABCP. Under Vis or UV light irradiation, SP can suffer reversible isomerization
from the hydrophobic ring-closed SP form to the hydrophilic ring-opened merocyanine
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(MC) form, behaving in a wavelength-selective fashion. The photo-tunable isomerization
process from SP to MC has been studied to reversibly control the behavior of self-
assemblies. For instance, Wang et al. synthesized ethyl cellulose-g-poly(2-hydroxyethyl meth-
acrylate)-g-poly(spiropyran ether methacrylate) (EC-g-PHEMA-g-PSPMA) light-sensitive

FIGURE 17.15 Schematic representation of the assembly strategy to construct supramolecular vesicles by supra-
amphiphiles based on photo-responsive cucurbit[8]uril (CB[8]) heteroternary complexation. They targeted and
photo-controlled intracellular drug delivery (UV light irradiation) through surface modification with targeting li-
gands. Reproduced with permission from Hu C, Ma N, Li F, Fang Y, Liu Y, Zhao L, Qiao S, Li X, Jiang X, Li T. Cucurbit [8]
uril-based giant supramolecular vesicles: highly stable, versatile carriers for photoresponsive and targeted drug delivery. ACS
Appl Mater Interfaces 2018;10(5):4603e4613. Copyright 2018 American Chemical Society.

17. Stimuli-responsive self-assembled nanocarriers based on amphiphilic block copolymers for cancer therapy396

III. Nanoparticles in health care



ABCP, which self-assembled into spherical micelles in aqueous media. Probe pyrene was
loaded onto micelles, selected as a poorly water-soluble model drug, and it was observed
that its release could be modulated by changing light. Under UV light irradiation, PSPMA
became hydrophilic, decreasing the sizes of the micelles, and, after Vis light irradiation, mi-
celles recovered their sizes, depicting reversible behavior.134 Wang et al. developed photo-
chromic polymersomes that exhibited reversible photo-switchable bilayer permeability.
ABCP was based on PEG and PSPA, where SPA is an SP-based monomer containing a unique
carbamate linkage. They self-assembled into polymersomes, in which SP moieties underwent
reversible photo-triggered isomerization from hydrophobic SP to zwitterionic MC states. This
transition was accompanied by changes in membrane polarity and permeability from nonim-
permeable to selectively permeable toward noncharged, charged, and zwitterionic small
molecule species. Photo-switchable intracellular delivery of hydrophilic small molecules in
a spatiotemporal manner was observed in HeLa cells.135 Recently, Kwangmettatam and
Kudernac reported on light-responsive polymersomes based on small amphiphilic molecules
bearing two SP moieties and an ethyleneglycol backbone. The self-assembly mechanism
involved the self-limiting growth of the MC-containing building blocks. Photo-switching of
the protonated MC induced a double diameter of the polymersomes, and this expansion per-
sisted upon irradiation. Once irradiation stopped, the polymersomes shrinked back,
following the thermal relaxation to the SP form.136

As described, AZO- and SP-containing self-assembled nanocarriers exhibited photo-
responsiveness that induce photo-isomerization. On the other hand, ONB-containing ABCP
shows a photo-cleavable response upon irradiation. For instance, Jin et al. designed and pre-
pared light-responsive PIC micelles with switchable surface charge. They were based in pol-
y(N,N-dimethyl-N-(2-(methacryloyloxy)ethyl)-N-((2-nitrobenzyl)oxy)-2-oxoethanaminium
bromide)-block-poly(carboxybetaine methacrylate) (PDMNBMA-b-PCBMA) block copoly-
mers. These PIC micelles negatively charged FITC-bovine serum albumin and also exhibited
pH-responsiveness. Positively charged PDMNBMA blocks transformed to zwitterionic car-
boxy betaine units upon UV light irradiation, inducing disassembly of the micelles. Further-
more, protein release was fast in the presence of UV irradiation as well as in slightly acid pH
(6.5). PIC micelles were efficiently internalized by A549 cells (Fig. 17.16).137 Liu’s group re-
ported on an alternative approach by incorporating light-responsive hydrophobic blocks
that activate head-to-tail cascade depolymerization. ABCP was based on degradable poly(-
benzyl carbamate) (PBC) block and a hydrophilic PDMA block. They formed self-
immolative polymersomes triggered. Different triggers, such as Vis and UV light irradiation,
or reductive milieu activated the disintegration of the polymersomes into water-soluble small
molecules and hydrophilic blocks.138 Recently, Yamamoto et al. reported on different photo-
responsive polymersomes based on PEG and photocleavable 2-nitrobenzyl compounds
bearing alkyne and maleimide functionalities. A fluorophore was loaded into the nanocar-
riers. near-UV irradiation cleaved at the hydrophobic/hydrophilic interfaces, generating
various end groups (succinimide, benzoacetophenone, or carboxylate) at the outer and inner
interfaces of the polymersomes, but they preserved their hollow structures even after irradi-
ation. The loaded molecules were released at different rates, depending on the molecular
weight as well as the type of hydrophobic polymer; moreover, the presence or absence of
the charged end groups also affected the release rate.139
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The aforementioned examples concerning photo-responsive self-assemblies are based on
Vis or UV light irradiation. Although numerous UV light-responsive nanocarriers have
exhibited promising properties in vitro, this radiation can only be used for the treatment of
illnesses presented in certain regions of the human body, namely eyes or skin, which can
be directly irradiated.7 Moreover, a major drawback of UV irradiation is that the most repre-
sentative examples used 365 nm wavelength to release the payloads, and this wavelength can
damage healthy tissues.14 For these reasons, several efforts have been made to develop NIR-
light-responsive self-assembled nanocarriers. This irradiation exhibits low scattering loss,
deep tissue penetration, and minimal harm to healthy tissues.36,48 Zhang et al. developed
doxorubicin-loaded biodegradable micelles prepared by mixing PCL-SS bond-biode
gradable photoluminescent polymer (PCL-SS-BPLP) and biotin-PEG-cypate. NIR irradiation
induced cypate decomposition, which allowed releasing the drug. Moreover, these micelles
also exhibited redox-responsive behavior, and GSH triggered doxorubicin release. Both stim-
uli synergistically induced HepG2 cell death and apoptosis. In vivo studies performed in
C57BL/6 mice with lewis, lung cells demonstrated improved anticancer efficacy of
doxorubicin-loaded micelles.140 NIR-photo-responsive polymersomes have also been devel-
oped by including chromophores in the ABCP, which can respond to NIR irradiation.141e146

Recently, Tang et al. reported NIR light-sensitive polymersomes based on PEG and poly(pro-
pylene sulfide) (PSS-PEG). Zinc phthalocyanine (ZnPc), a photosensitizer, was entrapped in

FIGURE 17.16 Schematic representation of light-responsive polyion complex micelles with a switchable surface
charge for intracellular delivery of proteins. Reproduced with permission from Jin Q, Cai T, Wang Y, Wang H, Ji J. Light-
responsive polyion complex micelles with a switchable surface charge for efficient protein delivery. ACS Macro Lett
2014;3(7):679e683. Copyright 2014 American Chemical Society.
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the organic layer while doxorubicin was encapsulated in the aqueous core. Triggered drug
release was observed under the NIR irradiation and the polymersomes also exhibited respon-
siveness to ROS. These nanocarriers exhibit improved efficacy against malignant melanoma
(A375) cells and in vivo studies demonstrated excellent antitumor effects by synergistic che-
mophotodynamic therapy.147

Light-responsive self-assembled nanocarriers exhibit great potential for cancer treatment,
diagnosis, and theragnosis, and they have also been explored for photothermal and photody-
namic therapy, which expand their usefulness for biomedical applications.

4.3 Magnetic-responsive self-assembled nanocarriers

Magnetic-responsive self-assembled nanocarriers have promising properties, including
high penetration, noninvasive nature, ease of control, and absence of energy dissipation,
which make them useful for biomedical applications, particularly in cancer therapy. For their
preparation, commonly ferromagnetic, paramagnetic, or superparamagnetic nanoparticles
are incorporated into the self-assemblies. Magnetic-responsive nanocarriers have been
explored for magnetically triggered drug delivery and magnetic resonance imaging (MRI).
Moreover, the magnetic field can be used for hyperthermia and magnetic guidance, or
both combined.7,36,48,50 Magnetite (Fe3O4) and maghemite (g-Fe2O3) are the most commonly
used magnetic nanoparticles for preparing self-assembled nanocarriers, since their exhibited
high biocompatibility. There are several examples of ABCP-based magnetic-responsive self-
assembled since they are based on the combination of magnetic nanoparticles and ABCP
capable of self-assembly.39,148e158 An example that reported on the use of Fe3O4 to prepare
magnetic-responsive nanocarriers is the work of Pourjavadi et al., who designed magnetic-
responsive micelles based on oleic acid-coated Fe3O4 nanoparticles and the thermo-
responsive PNIPAM-PCL-PNIPAM triblock copolymer. Paclitaxel was loaded and in vitro
studies showed controlled drug release at both body and hyperthermia temperature, with
increasing release at higher temperatures. Cytotoxicity assays performed in MCF-7 cells
showed anticancer activity of paclitaxel-loaded micelles.159 On the other hand, Oliveira
et al. reported on the use of g-Fe2O3, which exhibited superparamagnetic behavior. They syn-
thesized PTMC-b-PGA block copolymers that self-assembled into polymersomes. They
loaded g-Fe2O3 and doxorubicin for obtaining hybrid magnetic-responsive polymersomes.
Upon internalization in HeLa cells, a high-frequency magnetic field was applied (14 mT at
750 kHz), which elicited an increase in cell toxicity due to the higher doxorubicin release
(Fig. 17.17).148

Magnetic-responsive ABCP-based self-assembled nanocarriers exhibit great potential for
magnetic guidance, hyperthermia, triggered drug delivery, and MRI, all biomedical applica-
tions with interesting perspectives in cancer therapy and diagnosis.

4.4 Other stimuli-responsive self-assembled nanocarriers

Ultrasound-responsive self-assembled nanocarriers have also been explored in cancer ther-
apy. This is a promising stimulus due to its facile administration, deep tissue penetration (by
tuning the frequency, duty cycles, and time of exposure), and low cost. Ultrasound has been
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used as an adjuvant in cancer treatment since it can be a sensitizer to improve chemotherapy
and overcome drug resistance.7,36,48 Some examples include the use of PEG-b-PLA block
copolymer-based self-assemblies, are under ultrasound-induced bubbles. These air-
containing assemblies exhibit potential application for triggered drug release and targeted ul-
trasound imaging.160 Moreover, dual stimuli-responsive self-assemblies can be obtained. For
instance, Chen and Du synthetized PEG-b-poly[2-(diethylamino)ethylmethacrylate-stat-tetra-
hydrofuranyloxy)ethylmethacrylate] (PEG-b-p(DEA-stat-TMA)) triblock copolymers that
self-assembled in aqueous medium. The obtained nanocarriers exhibited pH- and
ultrasound-responsiveness that induced changes in their size and morphology to trigger
drug release.161

On the other hand, electric field-responsive self-assembled nanocarriers have shown inter-
esting properties. This stimulus may induce changes in charge or polarity of ABCP, which
can alter their chemical composition or structure, thus, disassembly and release of the
payload take place.7,121 Electric field-responsive polymersome based on PEG-ferrocene
(PEG-Fc) homopolymers and chain end-decorated PB-ß-cyclodextrins (PS-ß-CD) has been re-
ported. They showed host-guest interaction between Fc and CD and formed reversible
diblock copolymers (PS-b-CD/PEG-Fc) that self-assembled into polymersomes.
Under þ1.5 V electrochemical stimulus, polymersomes suffered disassembly realizing the
cargo (rhodamine B).162 Later, other electric-field-responsive polymersomes were developed

FIGURE 17.17 Schematic representation of doxorubicin (DOX)-loaded magnetic-responsive polymersomes
based on poly(trimethylene carbonate)-b(L-glutamic acid) (ptmc-b-pga) block copolymers and superparamagnetic
iron oxide nanoparticles (USPIO; g-Fe2O3). Upon internalization in HeLa cells, polymersomes were exposed to a
high-frequency magnetic field that triggered intracellular drug release and increased cytotoxicity. Reproduced with
permission from Oliveira H, Pérez-Andrés E, Thevenot J, Sandre O, Berra E, Lecommandoux S. Magnetic field triggered drug
release from polymersomes for cancer therapeutics. J Control Release 2013;169(3):165e170. Copyright 2013 Elsevier.
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using tetraaniline-PEG, a redox-sensitive amphiphilic rod-coil molecule, which in aqueous
media was reduced to leucoemeraldine base able to self-assemble into polymersomes that
efficiently load a fluorescein derivative. Upon oxidizing voltage, the polymersome membrane
split into smaller micelles, exhibiting a reversible behavior since reassembled to form poly-
mersomes under reducing voltages, behaving as electrically switchable polymersomes.163

5. Summary and future challenges

Cancer therapy mainly relies on the use of effective anticancer drugs, but these active small
molecules have many disadvantages, which may negatively impact therapeutic success.
Some of their undesirable properties can be overcome if they are vesiculated in well-
designed nanocarriers. The main goal of research in nanocarriers for therapeutic purposes in-
volves the development of effective and safe treatments for clinic applications. In this sense,
several efforts have been made to develop stimuli-responsive ABCP capable of self-
assembled into nanocarriers aimed at improving therapies. Taking into account their poten-
tialities, great research focuses has been placed on the comprehensively understanding of
their ability to self-assemble into nanostructures as well as the study of their ordered
morphologies.

Self-assembled nanostructures have been recognized as one of the key subjects in nano-
science. Self-assembly processes are generally low-cost and large-scale techniques, suitable
for different purposes, including biomedical applications in cancer nanomedicine.

In this chapter, various representative examples of stimuli-responsive ABCP-based self-
assembled nanocarriers, including internal and external stimuli-driven, and their main
applications for cancer therapy were highlighted. The incorporation of stimuli-triggered
responsiveness allows self-assembled nanocarriers to recognize changes in the external or in-
ternal environment, which trigger the release of the payload, thus, conducting on-demand
release behavior in spatial-, temporal-, and dose-controlled fashions. Several different stimuli
have been studied, such as pH, ROS, enzymes, redox, temperature, light, magnetic and elec-
tric fields, and ultrasound, as well as combined stimuli, which may induce modifications in
ABCP conformation, their solubility as well as in their hydrophilic-hydrophobic balance,
hence inducing destabilization of self-assemblies, leading changes in their structure and
immediately releasing the payload.

Even though ABCP-based self-assembled nanocarriers have shown great potential to revo-
lutionize cancer treatment and diagnosis, there are still challenges for their successful trans-
lation to clinical applications since limitations continue appearing. More studies regarding
biocompatibility, long-term toxicity, and immunogenicity of ABCP and their self-
assembled should be performed to define their safety for clinical use. Furthermore, after
analyzing the aforementioned examples, it is possible to notice that most stimuli-
responsive nanocarriers have been evaluated under relatively static conditions; nevertheless,
numerous variables are present in a real situation considering the complexity of the human
body. In fact, in the design of targeted nanocarriers that respond to different signals in the
tumor microenvironment, a complex scenario must be considered, including long circulation
time in the bloodstream, capability to reach the target site, triggered release of the payload,
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and, ideally, the biodegradability of the nanocarrier. Therefore, the promising results ob-
tained in vitro or in vivo in small animals even when they are encouraging do not guarantee
their further success in vivo in bigger animal models as well as in humans when thinking in
clinical use. More advanced in vivo studies are crucial to better understand the interactions
between self-assembled nanocarriers and living organisms, and to really define their use and
potential clinical translations.

In addition, concerning scalable production as well as the reproducible manufacturing
process, significant efforts need to be considered in the design, synthesis, and optimization
of ABCP and their subsequent self-assemblies, since a high-performance system that involves
simple and reliable manufacturing is always required for translation to clinical use.
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1. Introduction

Oral health is pivotal to common fitness, wellbeing, and superiority of life. Various oral
diseases include dental caries, periodontal diseases, edentulousness, maxillofacial trauma,
and oral cancers.1 These conditions are mostly preventable and can be successfully managed
if detected an early stage. In the era of nanoscience, various nano-structured materials are
used in diagnosis and treatment purpose.2 Various innovative products with nanoscale prop-
erties are used in oral hygiene products and maxillofacial implants.3 Thus, nanoscience helps
to improve the invasive dentistry.

Nanoparticles (NP) with its variable physicochemical properties offer itself to use it in
dental materials.4e6 Nanoparticles have at least one dimension which is less than 100 nm.7

Based on the shape, the nanoparticles are classified as 0D, 1D, 2D or 3D.8 In comparison
with the conventional bulk materials, nanoparticles offer improved properties due to their
low stability, low coordination and unsatisfied bonds that allow them to interact with other
particles effectively and with ease. Additionally, the energy level and the band gap of elec-
trons are altered9,10 which play a determinant role in particle energy statistics.

C H A P T E R

411
Applications of Multifunctional Nanomaterials
https://doi.org/10.1016/B978-0-12-820557-0.00002-3 © 2023 Elsevier Inc. All rights reserved.

https://doi.org/10.1016/B978-0-12-820557-0.00002-3


2. Applications in oral health care: clinical insights

2.1 Oral hygiene

Oral hygiene refers to maintenance of oral cavity, that is, mouth, teeth, and gums clean.
Proper oral hygiene helps to maintain a good oral health. To maintain oral hygiene in an in-
fectious mouth, microbial dental plaque and dental calculus needs to be removed.11 Several
studies have reported that poor oral hygiene have an elevated chance of dental caries and
periodontal disease. In addition, recent studies have indicated an association between
some systemic diseases and poor oral hygiene.

Oral hygiene maintenance is a part of a broader dental discipline which vouches on pre-
ventive dentistry. The microbes form biofilm after it get attached to dental pellicle, and
consuming proteins, lipids and sugars present within the saliva.12 Thus, various methods
needed to remove bacteria from the teeth. Using nanotechnology, various tools developed
which can prevent the biofilm formation within the teeth. Various preventatives include var-
nishes, mouthwashes and toothpaste which have nanoparticles having antibacterial proper-
ties within it. Many nanoparticles prevent bacterial attachment on the tooth surface and thus
prevent the formation of biofilm.13

2.1.1 Toothbrushes

Toothbrushes are the primary tool with which we mechanically disrupt the dental plaque
biofilm.14 Advances in the tooth brush design have been the subject of research since several
decades. That is the reason we keep finding newer types of toothbrushes in the market. Using
nanotechnology Kosho Ueshima and Yumeshokunin (a Japanese technology company) have
created a toothbrush which does not need any toothpaste. Bristles of the toothbrush are
0.178 mm thick and they are further coated with mineral ions. When the toothbrush is passed
over the tooth surface, the ions remove stains and in addition form a protective coating over
enamel. The toothbrush can be activated by merely dipping it in water.15 Raval et al. devel-
oped a toothbrush by gold and silver nano-colloidal particles between the bristles which they
reported to have improved the mechanical plaque removal. Additionally, it exhibited an anti-
bacterial property leading to significant reduction of periodontal disease.16

2.1.2 Dentifrices

More than the types of newer toothbrushes, newer dentifrices are seen occupying the su-
permarket stores offering a very wide range of active ingredients.17 Dentifrices contain cal-
cium carbonate as an abrasive agent. Abrasives are the main ingredients of a dentifrice.
Thus, alterations in nano-sized calcium carbonate particle will result in differential roughness
in toothpastes and their ability to remove stains, added advantage to support tooth reminer-
alization.18 Dentifrices with calcium carbonate (NPs) and sodium trimetaphosphate (nano-
sized) (3%) can promote remineralization of primary carious lesions.19

An in vitro experiment showed that the microhardness values of human dental enamel
was significantly increased after using dentifrice containing nano-hydroxyapatite (nHA) crys-
tals.20 For the first time, the toothpaste having nano-hydroxyapatite (nHA) was reported
from Japan. The clinical study revealed that the caries reduced to 56% for the school children
who brushed with nHA.21
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Silver containing formulations (Ag) are used to treat variety of infectious diseases since Ag
have antimicrobial effects and it is less toxic to humans.22 Furthermore, the presence of inor-
ganic silver does not disturb the color of the product23,24 which is a great advantage. Ag can
kill various oral bacteria like Streptococcus mutans, Lactobacillus casei, Candida albican and
Staphylococcus aureus. The antibacterial activity against various mouth bacteria promote silver
to be used in various toothpastes.25e28 The small size of the nanoparticle with extremely large
surface area allows it to kill the microorganisms in an efficient way.28

Silver ions kill the microorganisms by rupturing the cell wall,29 cell membrane,30 and cell
envelope.31,32 The positively charged silver ion further allows the electrostatic attraction be-
tween the bacterial cell membrane which is negatively charged. As a result, the bacterial cell
membrane ruptured.33,34 Various silver compounds like AgZ, AgZrPSi, and AgZrP also show
effective antimicrobial activity against all oral microorganisms. Thus, these compounds are
incorporated in dentifrices of various nano-formulations.22

Other than Silver, Zinc Oxide (ZnO), and Titanium Dioxide (TiO2) NPs also have their po-
tency to kill oral bacteria at certain concentration.35 Further, Photoactivation of TiO2 nanopar-
ticles significantly enhances the antimicrobial activity against Bacteroides fragilis, Pseudomonas
aeruginosa, Staphylococcus aureus, Salmonella typhimurium, and Escherichia coli.36 Thus, ZnO
and TiO2 nanoparticles are added in the development of dentifrices, mouthwashes, and other
oral hygiene products. These are healthier, innocuous, and effective alternatives to treat bac-
teria which have antibiotic resistance and can form biofilm.35

A dentifrice having nano-silver fluoride (NSF) can prevent S. mutans to adhere to the sur-
face. Fluoride ion is known to prevent enamel demineralization by altering the pH for the
dissolution of Phosphate as well as Calcium ions in the microbial biofilm and adsorbing
on the apatite crystal surfaces. The Fluoride ions replace Calcium ions to form an acid-
resistant mineral fluorapatite with low solubility.37 In addition, fluoride also inhibit the activ-
ity of bacteria38 and acid production by S. mutans.39

Fluoridated mouth rinses are used in prevention of caries. Fluoride concentration in oral
fluids has a profound effect on the progression of dental caries. Sun and Chow et al.40 in
2008 reported that addition of nano-calcium fluoride having a high reactivity and served
as labile Fluoride reservoir helped to reduce caries and decrease dentine permeability.

2.2 Dental caries

Approximately 95% of the people suffer from dental caries irrespective of their age.41,42

Management of dental caries includes restoration of lost tooth structure and prevention of
newly forming carious lesions (Fig. 18.1). Dental caries is a result of loss of organic and inor-
ganic component of tooth due to an acid produced from biofilm of cariogenic bacteria.43,44

Various bacteria such as Streptococci mutans of Lactobacilli species and several actinomyces
species have the ability to produce acid. In cariogenic biofilm, the low pH media favors
the bacterial growth in that environment.45

Nanotechnology is a promising area of technology that is used for the management of
dental caries. This is used at restorative level where the lost tooth structure due to cavitation
is filled; and popularly it is known as “Dental Fillings.” It may also be at the preventive level
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to inhibit caries by controlling microbial dental plaque, bacterial acids, and enhance
remineralization.

Dental composites form the majority of the dental filling materials since the Dental
Amalgam use is decreased due to its toxicity (Figs. 18.2 and 18.3). In a dental composite, three
different types of materials are used

1. Organic matrix: It is a polymer formed by polymerization of one or more monomer/
oligomers in an organic phase.

2. Inorganic matrix: It is filler of various materials like silica, ceramic, etc. It has various
sizes, shapes, and morphologies in its dispersed phase.

3. Organosilane: It is the coupling agent, required for bonding the filler with the organic
resin either in interfacial or interphasial phase.

FIGURE 18.2 A: Untreated dental caries of on the occlusal aspect. B: Occlusal dental caries restored with dental
composites.

FIGURE 18.1 Dental caries affecting the enamel, ddentin, and dental pulp.
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Polymerization of the monomers leads to a 3-D P network. Currently used dental compos-
ites polymerize to form a hard polymerized composite by exposure of visible light (Wave-
length range 400e500 nm). Camphorquinone is a photo initiator (absorption maximum at
468 nm) used by almost all manufacturers.

Acrylic resin monomers allow linear chain polymers to form. To improve the physical
property of acrylic resin in 1962 Bis-GMA (bisphenol aglycidyl methacrylate) monomer
developed. Early composites were chemically cured with the catalyst, for color stability.
Bis-GMA is a composite resin technology. Introduction of light-activated resin material
was the major breakthroughs in composite resin technology. Further, reduction in filler par-
ticle size and increment of filler load can enhance their applicability. Among the most recent
innovations in composites nano-filled materials, in combination with nanometer-sized parti-
cles and nano-clusters are used in a conventional resin matrix.

There are several types of nano-fillers which are incorporated either as the sole filler or in
combination46 in dental composites such as silica,47,48 tantalum ethoxide,49 zirconia-silica,50

alumina,51 nano-fibrillar silicate,52 titanium oxide,53 and ordered colloidal particles are also
used. In an inorganic phase, the nano-sized organic/inorganic composite are called as nano-
composites. The nano-filled composites have excellent resistance, strength, and display supe-
rior esthetics with regard to luster and smoothness. Nano-fillers range from 5 to 40 nm. The
nano-size allows for the incorporation of larger inorganic phase into the composite. Shapes of
the nano-particles such as: nanotubes, nanoclusters, nanofibers, and nanorods plays major
role in the mechanical property of the materials. It increases the compressive, microhardness,
tensile, and flexural strengths of the material. There is an optical advantage with enhance-
ment of translucency and color mimicking when the particle size is reduced to 20 nm since
this size is lesser than the wavelength of visible light spectrum (400e800 nm).

Nano-composites encompass both the nano-hybrid and nano-filled resin-based composites
in the context of particle size. The nano-hybrid composite contains pulverized glass fillers and
distinct nanoparticles (40e50 nm) while the nano-filled composites have nano-sized filler par-
ticle incorporated which are known as “nanomers.” The assemblage of nanomers is termed as
“nanoclusters.”

In contrast to the nano-composites, large filler particles 15e20 mm are found in the hybrid
composites along with small amount of colloidal silica (0.01e0.05 mm). Anterior restorations
demand esthetics; therefore, microfilled composites were developed which have

FIGURE 18.3 A: Midline diastema (interdental spacing in the maxillary anterior teeth) B: Midline diastema
corrected with dental composites.
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submicroscopic silicon dioxide particles (approx. 0.04 microns). Although microfilled com-
posite have small-sized fillers that can increase the surface area of the filler particles to several
thousand times in comparison with conventional composites. There is a simultaneous in-
crease in the viscosity due to wetting by monomer matrix. This increase in viscosity reduces
the percentage filler content to approximately 35 wt%, resulting in reduced strength.54

The types of nanoparticles in composite resins have been classified as follows: (1) Type I,
(2) Type II.

Type I: It is having two subtypes. Nanometric particles which are dispersed in the resin
matrix as single units are designated as subtype 1. Agglomerated nanoparticles clusters are
known as the second subtype.

Type II: This type of nanoparticles consists of a cage-like structure which is composed of
eight silicon and 12 oxygen atoms. Rather than the agglomerated cluster or being an individ-
ual particle, this type of nanoparticle becomes a part of the resin matrix.

Glass-ionomer cement (GIC): GIC containing nanoparticles developed with fluoro
aluminum silicate technology (Ketac Nano; 3M ESPE) having size in the range of 1 mm.55

The inclusion of nano-particles caused superior esthetics and lusture to retain GIC restora-
tions.56 Among the innovations with involvement of nanotechnology with EQUIA (Easy-
Quick-Unique-Intelligent-Aesthetic) system, a nano-filled light-cured varnish (G-Coat Plus,
GC Europe, gceurope.com) which is administered on viscous GIC surface (Fuji IX GP Extra,
GC Europe). EQUIA system involves inorganic silica nanofillers (having40-nm size and
15 wt.%) propagated in a liquidic condition which results in enhanced wear resistance to
avoid water intake and dehydrate and reduced original time of setting. Their superiority
to conventional restorations has been validated in a retrospective study.57

2.2.1 Dental restorative materials with bioactivity

Composites can be functionalized and made to act more than space-occupying materials.
Inorganic fillers in the dental restorative materials can be incorporated with nano-bioactive
compounds which will make it clinically viable.

This innovative approach of incorporation of metallic nanoparticles having antimicrobial
property and calcium phosphate NPs helps in the mineral balance and management of dental
caries and restorative dentistry. The bioactivity, however, depends upon the properties of the
nanoparticles.

The bioactivity of the restorative materials in dental caries prevention may be achieved
through two pathways:

1. Controlling the mineral loss of tooth.
2. Reduction/modulation of bacterial biofilm production.

2.2.2 Silver nanoparticles

Silver (Ag) has antimicrobial activities58 and inhibit the respiratory chain of the bacteria
and bring alterations in DNA.59,60 Ag ion interact with sulfhydryl and disulfide groups of
bacterial enzyme and alter their metabolism, resulting in cell death. Ag NPs also induce struc-
tural abnormalities in microbial cell membrane.61 The influence of the Ag compounds is
dependent on the quantity of silver ions released and their availability for interaction.

Ag decreases the growth of C. albicans and S. mutans.62 When silver 2-ethyl hexanoate
salt is dissolved in 2-(tert-butylamino) ethyl methacrylate (Ag-TBAEMA), it inhibits the
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colony-of S. mutans and the mechanical properties also remain unaltered.63 Incorporation
of nano-sized Ag-bromide salt resulted a nanocomposite with a sustained silver ions
release and better antibacterial activity against S. mutans.64 Similar antimicrobial activity
against S. mutans was observed when bioactive glass was incorporated with silver
nanoparticles.65

Although the combination of fluoride with silver can prevent development of dental
caries, it can form tooth discoloration.66 Another novel silver formulation containing chitosan
has inhibitory effects against microorganism S. mutans. Apart from inherent antimicrobial
property, chitosan has a stabilizing impact on Ag nanoparticles.67

2.2.3 Zinc oxide nanoparticles

Zinc oxide (ZnO) was used as a composite resin filler.68 However, nano-seized ZnO shows
toxicity in contrast to both Gram-positive and negative microbes. ZnO can inhibit the growth
of bacteria like S mutans.69,70 ZnO when incorporated with resin composite71 it can signifi-
cantly reduce the matured microbial biofilm even with addition of 10% ZnO nanoparticles.72

ZnO nanoparticles were incorporated into flowable composites with an average of 20 nm
size. ZnO incorporated composites have more flexural modulus and strength.73 The antibac-
terial activity of ZnO incorporated composites against S. mutans and Lactobacillus was, how-
ever lower, in comparison with silver nanoparticles.64

2.2.4 Copper oxide (CuO)

There is a gradual demineralization of enamel due to prolonged presence of orthodontic
brackets which makes the hypomineralized areas prone to dental caries. Copper Oxide
(CuO) can kill various gram-negative and gram-positive species.74 CuO nanoparticles were
incorporated in the orthodontic brackets and dental bonding agents.75 CuO incorporated or-
thodontic brackets displayed a significant antimicrobial activity against S. mutans biofilm.
Incorporation of CuO in the dental bonding agent enhances the bond strength but the tensile
strength remains unaltered.76

2.2.5 Bioactive glass

Bioactive glass was incorporated in composites with the filler content of about 72%. The
bioactive glass composites when exposed to moisture and bacterial challenge displayed
higher strength and durability.77 Bioactive glass in flowable composite significantly decreases
the growth of E. coli and S. mutans and the bond strength also remain unaltered.78 In presence
of bioactive glass composites, bacteria penetration is less in comparison to nonincorporated
composites.79

2.2.6 Diamond nanoparticles

Incorporation of nano-sized diamond in various materials help to enhances the mechanical
as well as antibacterial properties.80 Silver-loaded functionalized nano-diamonds (Ag/
QNDs) was added to a monomer mixture of TEGDMA and Bis-GMA to obtain a dispersion
having homogenous property. This dispersion was further observed with an improvement of
mechanical properties. Incorporation of 0.3%e1.5% of Ag/QNDs resulted in significant in-
crease in the hardness, strength, and elasticity. Ag/QNDs nanoparticles can prevent the
growth and survivability of S. mutans.81
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2.3 Periodontal disease

Periodontal disease involves a chronic inflammatory tissue change in response to the mi-
crobial dental plaque and affects the supporting structures of the tooth (Fig. 18.4). The un-
treated disease results in progressive destruction and loss of the periodontal complex.82

Periodontal disease is conventionally treated by removal of local factors such as microbial
plaque and calculus.83 For conditions with loss of attachment and bone loss, periodontal sur-
gery may be carried out.

Applying nanotechnology-based nano-delivery systems and nano-bio materials, could be
a novel approach for treating periodontal diseases which enable drug administration, peri-
odontal pockets retention and proper release of antibacterial agents, which may induce tissue
regeneration process.84

Two types of inorganic nanoparticles are generally used for periodontal disease treatment:

1. Antimicrobial metallic nanoparticles and numerous nano biomaterials having calcium
for bone regeneration.84

2. Inorganic nanoparticles are advantageous over the organic antibacterial NPs due to its
chemical, long-term stability and thermal resistance.85

Inorganic nanoparticles, that is, silver, copper oxide, zinc oxide’s activity decreases against
oral anaerobic bacteria, namely, Aggregatibacter actinomycetemcomitans, Prevotella intermedia,
Fusobacterium nucleatum, and Porphyromonas gingivalis.86

Inorganic nano-particles kill the bacteria by producing more amount of ROS. Nano-sized
heavy metal ions can damage the proteins, DNA and electron transduction of the bacteria.84

Silver ions are powerful antimicrobial agents since the oxidation of silver nano-particles re-
leases silver ions. Silver ions inhibit the cell growth by binding to the negatively charged bac-
terial proteins. Antibacterial effect of silver helps to inactivate the enzyme phosphomannose
isomerase.87

Nonsurgical periodontal therapy includes application of drug at the site of the disease
(intrapocket). For this, novel drug delivery systems are constantly developed.88 The nano-

FIGURE 18.4 Periodontal disease.
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tetracycline loaded particles can be uniformly dispersed within a matrix where these particles
would gradually biodegraded releasing the drugs for a sustained period of time. Nano-
composite hydrogels based on polyvinyl alcohol, 5% chitosan nano-particles with different
proportion of tetracycline prepared by freezing-thawing cycles exhibit inhibition of both
gram-negative and gram-positive bacteria.89 Nanoparticles work when the particulate disper-
sion size varies from 10 to 1000 nm. Small size facilitate the drug to be entrapped in the nano-
particle matrix.90 The dispersed particles in the aqueous medium allow it for controlled
release with superior steadiness. Furthermore, its small size allows it to reach the unreachable
sites in the deep periodontal pocket regions.

Chitosan nanoparticles exhibit differential antimicrobial mechanism of action depending
upon their molecular weight.91 The low molecular weight chitosan nanoparticles can pene-
trate the bacteria and damage its physiology. High molecular weight chitosan nanoparticles
block the nutrient entry into the bacteria by forming a film around it. The chitosan’s positive
charge allows it to interact with the negative charge of the bacterial cell wall and thus causes
damage to the bacteria. The interaction of nanoparticle with the bacterial membrane blocks
the nutrition of the bacterial cell with the extracellular matrix. Further, the positive charge
contests for the calcium ions at a particular region of the membrane and causes cell death.
Chitosan displays antimicrobial property which is effective against periodonto-pathogens
like S. mutans, A. actinomycetemcomitans and P. gingivalis.

Polymersomes have been developed as nano-drug delivery system. Polymersomes were
developed to deliver intracellular antimicrobial for P. gingivalis.92 Being amphiphilic block
copolymer vesicles Polymersomes have drug encapsulating ability. They have a remarkable
ability to enter early cellular endosomes by endocytosis and release the drug by disassem-
bling. Polymersomes proved to be an efficient drug delivery system for antimicrobials that
normally find difficulty to enter host cells. Similarly, calcium sulfate beads with tetracycline
nanoparticles were incorporated using ionic gelation method for subgingival delivery having
bactericidal property for E.coli and S. aureus.93

Nano-fibers of various biodegradable polymers94 provide huge surface area to volume ra-
tio (up to 103 times), with greater stiffness and tensile strength. Among the various methods
to fabricate nano-fibers, electro spinning is the most efficient technique.95 Drug having both
hydrophobic as well as hydrophilic property can be incorporated. An inhibition of growth of
F. nucleatum and A. actinomycetemcomitans was seen with ciprofloxacin containing nanofibers.
However, it did not impair the growth of commensals.96

Hydroxyapatites nano-crystals are the bone grafting material having more biocompati-
bility as hydroxyapatites are also found in the natural calcified tissues.84 They are nontoxic
and provide the calcium and phosphate ions for bio mineralization and new bone forma-
tion.97 Nano-hydroxyapatite can also promote the regeneration of periodontal region.98

2.4 Malocclusion

Malocclusion in simple terms refers to a misalignment of teeth which is deviation from the
normal alignment of teeth in the dental arches. Maligned teeth apart from being visibly un-
pleasant, often limit the optimum function and can pose a challenge to maintenance of oral
health. It is also sometimes referred to crowding, overbite, crossbite, or open bite, etc.,
depending upon the type of arrangement and relation.
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Malocclusion may be limited to dental or maybe skeletal (involving discrepancies of the
jaws) is primarily an inherited condition but can be also as a result of oral conditions or
trauma. Some oral habits such thumb-sucking, prolonged bottle feeding, mouth-breathing,
may also change the shape and structure of the jaws.

Management of malaligned teeth usually involves braces (Fig. 18.5A). Nanotechnology
helps to improve the material’s property to enhance the orthodontic treatment in terms of
the speed and effectiveness of treatment (Fig. 18.5B). For example, by using nanoparticles,
better mechanical specifications of the orthodontic archwires and brackets can be
achieved.99e101 Reduction in allergies and corrosion may be achieved by using a nano-
coating.102e104 By using nano-based lubricants, the frictional force between the components
can be reduced to facilitate its motion, thus prevent dental affliction.105 Nanoparticle film
composed of nano-ceramics on wires formed of titanium molybdenum alloy, stainless steel
and nickel-titanium is also used. Coating enhances the surface topology and decreases the
problems associated with friction.106 Zinc oxide (ZnO) nanoparticles can be used for improve-
ment of the antibacterial and frictional behavior of nickel-titanium alloy.107 Similarly, ZnO
nanoparticles are used as nano-lubricants to coat stainless steel wires. It causes 51% reduction
in the frictional energy between the wire and brackets in comparison with the reference
wires.108 Encouraging results were seen by coating of NickeleTitanium (NiTi)/stainless steel
wires by the means of tungsten disulfide (WS2) and Nickel-phosphorous Nanoparticles.

The friction is reduced in a manner which has been proposed by Rapoport et al.109 and
Cizaire et al.110 Firstly, the nanoparticles act as the spacers between the wire and the slot
when there is no angle between them and reduce the coefficient of friction. With an increase
in the angle, the friction also increases and the nanoparticles in the coated wires are released
due to their exfoliation. The released nano-particles now act as a solid lubricant on the sliding
wire. With increase in the load, the rough surfaces come in larger contact. Increased contact
squeezes the oral fluids out of the gap between the wire and the slot allowing better func-
tioning of the solid nanoparticle lubricant on the arch wire.

Hollow orthodontic wires with an excellent shape-memory and super elasticity were pre-
pared by ultrasonic spray pyrolysis technique. These wires were first coated via electro spin-
ning with nanoparticles (NiTi/NieTiO2), and then it was followed by removal of wire in
order to produce a hollow orthodontic wire. Orthodontic nanorobots interact with cells,
which are present in periodontium, cementum region as well as at the site of alveolar

FIGURE 18.5 A: Malalignment of teeth B: Correction of malaligned teeth with ceramic orthodontic braces.
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bone, correcting malocclusion by straightening tooth painlessly, correcting vertical reposition
and rotations in a single dental office appointment.2

Newer development of materials are being focused in order to make them self-disinfecting.
Microbial plaque accumulation orthodontic appliances is seen quite commonly. The presence
of microbes can lead inflammation of the gingiva, development of white spot lesions, caries,
dental infections, and delay in tooth movement.

In order to counter the menace of microbial plaque biofilm, nitrogen-doped titanium diox-
ide have been utilized. When the nitrogen-doped titanium dioxide is activated, reactive oxy-
gen species (ROS) like OH free radicals, hydrogen peroxide (H2O2), superoxide ions (O2), and
peroxyl radicals (HO2) are formed. ROS can cause damage of nucleic acids, lipids, enzymes
and proteins by the means of oxidation reactions. Modifications have also been made with
incorporation of Titanium dioxide nanoparticles in the composites used for bonding the or-
thodontic brackets (Transbond XT).111 Chitosan nanoparticles with Zinc oxide nanopar-
ticles,112 Silver with hydroxyapatite nanoparticles113 and Copper nanoparticles have shown
good antibacterial properties.114

Silver nanoparticles can be used to coat orthodontic composite resins used to treat maloc-
clusion, for imparting antibacterial properties to it, for avoiding infections and dental
caries.115

2.5 Missing teeth

Missing teeth is absence of permanent teeth caused mainly by loss of teeth due to tooth
decay, tooth injuries, gum diseases. It also includes condition in people born without certain
teeth, referred to as congenitally missing teeth, which may be due to certain systemic condi-
tions, like genetic factors, or inherited disorders(Fig. 18.6A).116 It is otherwise known as hypo-
dontia, which can be defined as the agenesis of one or more teeth, or the congenital absence of
teeth. Oligodontia is the absence of six or more congenital permanent teeth.117 The prevalence
of missing teeth also differs with race, age and gender.118 Wisdom teeth, Upper lateral inci-
sors and secondary premolars, bicuspids are the most common missing teeth.

Management of missing teeth is done by either a removable or a fixed prosthesis to restore
form and function such as mastication, speech, and esthetics (Figs. 18.6B and 18.7).119

FIGURE 18.6 A: Missing teeth in the maxillary arch B: Replacement of missing teeth with ceramic crowns and
bridges.
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Poly-methylmethacrylate (PMMA) is commonly used for fabrication of denture base.
PMMA incorporated into 3D denture base along with Titanium dioxide nanoparticles, shows
improved antibacterial characteristics and mechanical properties.120 Addition of heat-cured
PMMA with nano-zirconium oxide, significantly enhances the hardness levels, strength as
well as the fracture toughness of the denture base after heat-curing (Fig. 18.8). This was
possible because of superior dispersion property of nano-zirconium, its biocompatibility
with other organic polymer and because of less aggregation potential.121,122

Over the recent years, dental implants have emerged as the preferred and optimum option
for rehabilitation of a single or multiple missing teeth in either arches.123,124 Dental implants

FIGURE 18.7 Zirconia crowns.

FIGURE 18.8 Treatment partial
denture (polymethyl-methacrylate
(PMMA)) for replacement of
missing teeth.
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are titanium (Ti) inserts that have a remarkable ability of osseointegration and have high
strength, durability, and biocompatibility.125 However, sometimes failure occurs due to ma-
terial, tissue or mechanical factors. Failure to maintain the oral hygiene is a major determinant
in the success of dental implant. Conditions such as peri-implantitis, peri-implant mucositis
are caused by growth and colonization of gram-negative anaerobes.126 There is a rise in the
implant failures along with rise in the cases of implants. To combat this difficulty, various
NPs like Ag,127e130 copper (Cu),131 ZnO,132,133 titanium dioxide (TiO2),134,135 selenium
(Se),125 and strontium (Sr)136e138 have been developed which have antibacterial
properties(Fig. 18.9A and B).

Ion implantation of silver on Titanium surface demonstrated antimicrobial activity.139,140

Surface modification of Ti-implants141,142 exhibited enhanced antibacterial and biocompati-
bility. Titanium surface modified with coatings has resulted in strong and stable antibacterial
activity for a long time.

Dental silicones, the materials which were commonly used for denaturing the soft liners
and obturators were coated with various nanoparticles solution, showed better antifungal ac-
tivity, without altering the denture silicon’s hydrophilicity, when immersed in artificial
saliva. There was a slow and sustained release soluble chlorhexidine into artificial saliva.
These properties can positively influence the longevity and maintenance of the dental pros-
thesis inside the oral cavity at lower cost.

Luting cements are routinely used for cementation of fixed partial prosthesis. Luting ce-
ments impregnated with various nano-particles, can significantly enhances the enamel -
dentine bond strength. Because of their small size, those particles can penetrate deeper and
bound well to dentinal tubules. Eventually, they reduces the polymerization shrinkage and
increases number of elastic modules present in them.143

Incorporating ZnO and MgO nanoparticles incorporated luting agents while comparing
them to conventional cements of zinc polycarboxylate showed improved compressive and
tensile strengths.143 Also, biaxial flexural, tensile, and compressive strength of glass ionomer
cements can be increased significantly by adding fluorapatite/nano-hydroxyapatite particles
to them.144,145

2.6 Tooth wear

Tooth wear is a result of attrition, erosion, and abrasion, domestication, abfraction of the
tooth. Attrition refers to the enamel,/dentin loss.146 Dental erosion, on the other hand, is the

FIGURE 18.9 A: Dental implant (Titanium) B: Dental implant placement.
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permanent loss of dental enamel because of the chemical exposure like acidic dissolution
beyond the bacterial involvement.147 Dental erosion and demineralization because of the
acids might be intrinsic/extrinsic in their origin.148,149 Inside the stomach, intrinsic acids
are generally originated and those are produced because of the eating disorders, like bulimia
nervosa and anorexia150 or due to improper acidic reflux and regurgitation.151 Extrinsic sour-
ces are the engulfment of acids which are present in dietary components, like fruit juices and
carbonated soft drinks.152 Abrasion is the pathological erosion of dental hard tissue by means
of bio-mechanical friction, like brushing of tooth and also because of the aberrant mechanical
processes which involve foreign substances, those are repeatedly contact the teeth.153 Abfrac-
tion is also used in relation of tooth wear, causing loss of tooth parts because of the microbial
infection due to flexural forces, seen as the wedge-shaped defect occurred at cementoenamel
junctional site (CEJ) of a tooth.154 Attrition is also the most common form of tooth-wear.155

Erosion is the dental materials loss by means of acidic dissolution having either extrinsic
or intrinsic origin, for example, dietary acids/gastric acid.56

Nanocomposites are used as fillers to treat tooth wear, which use nano-dimensional filler
particles.156 Those are added to composite resins singly or in a composite form and they can
result in indistinctive physical, optical and mechanical properties.157 Conventional filler are
large-sized particles and are made to small size by pinning but this cannot reduce their
size to less than 100 nm.156,158,159 Nanoparticles help to produce the composites with a
smoother surface after the polishing there is an increase in the translucency and esthetics.44

Incorporation of nanoparticles brings good strength, resistance to abrasion along with the
retention and improved mechanical properties.160

2.7 Dentinal hypersensitivity

Dentinal hypersensitivity, a common problem of the permanent teeth, is mainly caused
because of the exposure of dentin to the oral cavity because of the loss of cementrum or
enamel. For short duration, it results in acute pain, which is caused because of the presence
of exposed dentinal tubules on its surface.161 The beginning of pain may be triggered by ther-
mal, mechanical or chemical origin, and most commonly by cold stimuli. It may also be
caused by acidic foods and fruits, which is the result of a mechanical stimulus.162 The
most common cause for dentinal tubules exposure is the gingival recession, which makes
recessed areas more sensible because of the cementum loss, or by exposing dentin. The hy-
persensitive tooth have eight times more surface density and have twice the diameter of
dentinal tubules than that of nonsensitive teeth.16

Management of dentinal hypersensitivity involves consistent and reliable treatment need
to be developed that can penetrate deep into the dentinal tubules. For this nanoparticles can
serve as a solution, unlike conventional sized particles. Nano-sized hydroxyapatite particles
are emerged and have enormous applications in dentistry. The nano HAp particles can be
used to seal the opening of the dental tubules as they can easily integrate into the tubules.
This sealing prevents exposure of the nerves toward external stimuli, thus helping in reduc-
tion of hypersensitivity.163 These HAp NPs have a large surface area, the property that can be
exploited to bind them strongly to proteins, and also bacteria and plaque fragments.164 HAp
NPs show high biological activity and can bind effectively to the enamel of the teeth,
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preventing exposure of the nerves. They can form an artificial enamel film around the teeth
and show bio mimicry.165 Hence, they are used in different toothpastes and mouth-rinsing
solutions for integrating those nanocrystals for the repair of the enamel surfaces. Modified
silica NPs are now a days used to treat dentinal hypersensitivity. Having larger pore sizes,
higher sorption efficacy of hydrocarbon, higher surface area having well defined structure
and hydrothermal/thermal stability, nanoparticles are being researched widely in the recent
years.166,167 Dental nanorobots can offer a quick and permanent treatment to patients.168

2.8 Edentulousness

Edentulism is a medical condition of permanent loss of teeth which may be due to several
factors (Fig. 18.10A and C). Most of the time, it is accompanied by the scarcity of oral mucosa,
salivary glands, and the oral musculature.169 According to the studies, it is found that edentu-
lism can be a reason for the induction of oral dyskinesia, which can be seen as involuntary,
abnormal, patterned orofacial movements.170,171 It is very common among the older individ-
uals of the population though complete tooth loss has been significantly decreased in the past
decade.172 Polymer poly(methyl methacrylate) (PMMA) is of great rescue to the patients
suffering from edentulousness as it is used for manufacturing dentures because of its reliable
qualities like ease of processing,173 repairing,174 and also its low cost and great acceptability
to the patients. PMMA is popular because of its tasteless, odorless properties along with its
biocompatibility and esthetic characteristics.175 Although there are tremendous favorable
qualities of PMMA as a denture material it also has a great number of issues like low mechan-
ical resistance,175 shrinkage of polymer, leaching of monomers which causes allergic reac-
tions.176 The most important problem with it is the microbial colonization and biofilm
formation on the denture surface which can lead to local and systemic infections.177e179 To
control this limitations, nanomaterial is a good option because of its high efficiency as anti-
bacterial agents because of their larger surface area as compared to their size. Thus resulting
hyper activity, even in a very small dose.180 The infection of Candida albicans is very common
indentures with nanoparticles of silver(Ag)-colloidal181,182 and nanoparticles solutions of
Ag.183 According to recent studies, the silver nanocomposite with PMMA is beat by the
PMMA which are functionalized by TiO2 nanoparticles, demonstrate better mechanical184

as well as antibacterial characteristics.185,186 TiO2 nanoparticles have antimicrobial activity
against both gram-negative and gram-positive bacteria along with fungi. The reason for its
wide use is that it is intrinsically environment-friendly and exerts a noncontact biocidal

FIGURE 18.10 A: Edentulous maxillary arch B: Edentulous mandibular arch C: Complete dentures (polymethyl-
methacrylate (PMMA)).
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action.187 The manufacturing of PMMA/TiO2 nanocomposites has been achieved by modi-
fied sol-gel methods. This ensures a homogenous mixture of TiO2 nanofillers into PMMA so-
lution. Experiments have shown that addition of TiO2 nanoparticles modify certain
properties of the polymer.120

2.9 Discolored teeth

Any dissimilarity from the normal color of the human dentition is known as tooth disco-
louration. It is frequently complained diseases which differ in terms of severity, appearance,
composition. This is a major problem among the people as it disturbs the appearance of the
teeth. Tooth color is determined by many intrinsic and extrinsic factors like the light scat-
tering and absorption properties of the enamel and dentine. Sometimes, the color of the den-
ture is affected by the type of food and drinks we take for instance tea is absorbed in the
surface of the enamel and gives it an off white appearance. There are two ways of teeth whit-
ening popular, that is, invasive techniques like dental crowns and veneers, and the noninva-
sive technique like bleaching, etc.

Currently, the most common form of whitening involves the application of a gel contain-
ing hydrogen peroxide which bleaches the teeth by removing from the pigment molecules
that cause surface discoloration. This is activated by blue light exposure which dramatically
speeds the process up. Hydrogen peroxide is cytotoxic and therefore alternatives have been
searched for. Titanium dioxide nanoparticles modified with polydopamine however, when
applied and exposed to blue light, the nanoparticles produced a whitening effect similar to
that of hydrogen peroxide, yet they were much less cytotoxic.188

Presently researchers are using Gold nanoparticles (AuNPs) for tooth whitening. Accord-
ing to the researchers, these nanoparticles have potency to be used in this field because of its
efficacy in white light irradiation. Researchers have synthesized the nanoparticle using
HAuCl4, water and Sodium trihydrate solution. They treated the teeth with black tea for
staining and then chose two whitening methods that are H2O2 alone and H2O2 with AuNPs.
When the AuNPs are used as catalyst for H2O2 in tooth whitening then they considerably
amplified the efficiency of bleaching of H2O2.

189 Tooth whitening pastes incorporated with
polymeric nanoparticles of carbamide peroxide can enhance the bleaching efficacy and the
effectiveness of those whitening pastes.190

2.10 Maxillofacial trauma

Maxillofacial trauma involves the injury to the dental and maxillofacial structures
(Fig. 18.11). Management is primarily directed toward restoration of form, function, and es-
thetics.191 In the treatment of maxillofacial trauma, nanotechnology plays a very crucial role
through the help of nanorobotics and nanomaterials.192

Administration of profound anesthesia is pivotal to procedures carried out in the manage-
ment of maxillofacial trauma. An in vivo study explored the application of local anesthetic
drug having magnet-directed nanoparticles, such as ropivacaine (MNP/Ropiv) for the pro-
duction of anesthesia.193 Researchers engineered about the nanoparticle complexes, which
are intravenously injected to ropivacaine which resulted a similar anesthetic effect in
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comparison to the conventional. Use of magnets was helpful in accurate anesthesia. Similarly
nanocarriers associated with transcriptional transactivator peptide were successfully carried
out for ropivacaine skin delivery.194

Nanotechnology can be used in the field anesthesia where the patient’s gingiva is admin-
istered to the colloidal suspension that contains numerous active and dental analgesic nano-
particles. These respond to a stimulus and once they have contact with the tooth of mucosa,
the nanoparticles navigate under controlled chemical gradient and temperature differentials
to the sensory nerve endings in the gingiva via lamina propria and dental pulp via dentinal
tubule. Those nanoparticle-based anesthesia are reversible, fast acting, having no side effects
rather than the use of conventional dental anesthetics.195,196

In maxillofacial surgery, the implants which are made out of nanoparticles can be applied
as dental fillers, as prosthetic implants or as bone replacement materials. These substances
exhibit certain advantageous properties like corrosion resistance, surface finish and high
deformability. Even the tissues engineered with the natural nanomaterials have the potenti-
ality for absolute reconstruction of patient’s craniofacial skeleton and dentition. Nowadays
even the nanorobots having diameter of 0.5e3 mm are used at the molecular and cellular level
by the clinicians. These robots have several roles for the treatment of diseases, that is, the
diagnosis of oral diseases and its application in dental therapeutics, and in dentifrice.197

2.11 Maxillofacial cancer

Maxillofacial Cancer is a kind of oral cancer which is now one of the major cancer affecting
the human population. There are various cures for the oral and maxillofacial cancers nowa-
days like radiation therapy, chemotherapy, and reconstructive surgery. Detection of oral can-
cer has been revolutionized by use of nanotechnology which has enabled detection of even a
single cancerous cell in-vivo. Also, it has enabled the delivery of anticancer drugs directly to
the cancerous cells. Nanoparticles can enhances and control drugs stability and their delivery,
by allowing their constant and uniform release at the place of a dental lesion and eventually

FIGURE 18.11 Open mandibular
fracture reduction with mini-plates and
mini-screws.
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facilitating drug extravasation inside the tumorous system, by shortening its side ef-
fects.198,199 Among the various nanomaterials, which have been used in the management
of oral cancers are nano-shells, carbon nanotubes, quantum dots, super magnetic ano-
particles, and synthesized nanosponges.200 Further, antibodies which are specific against can-
cer cell lines can be isolated. Several kinds of nanoparticles have been found to be suitable for
DNA structures probing or for drug/gene delivery, which include liposomes, Polymeric
nanoparticles, solid lipid particles, nanocrystals, dendrimers, fullerenes, and other inorganic
nanoparticles.201

Combinational chemotherapy which is combination of nanomedicine and nanoparticles
has expanded the horizon to newer therapeutic approaches that have diminished the tumor
cell resistance and reduced unwanted cytotoxicity of normal cells. Doxorubicin encapsulated
with a divergent nano-carrier DOX has been used to enhance the targeting of cancerous cells
which adheres to epidermal growth factor receptor or folate receptors that are abundantly
displayed on the surface of cancerous cells. Both oral and intravenous formulation of Doxo-
rubicin are accessible.202

There is also surgical treatment possible which includes routine mandible segmental resec-
tion and dissection of radical neck along with sacrifice of the sternocleidomastoid muscle and
accessory spinal nerve. With the development in science and technology nanotechnology is
another approach for treatment which is now under investigation. In this method of treat-
ment, the monoclonal antibodies are conjugated with nanoparticles, which are reactive to-
ward oral cancer-specific antigens for instance EGFR. In this way, especially nanoparticles
will be able to detect and eradicate the oral cancer cells.203

3. Conclusions and future perspectives

Clinical applications of nanoparticles in oral healthcare encompass a wide range of areas
where continuous research and development is being done globally. Most of the advance-
ments have been seen in the field of treatment of dental caries with dental restorative mate-
rials. However, simultaneous advancement is being seen in other areas such as products for
maintenance of oral hygiene, drugs and drug delivery systems, dental polymers for dentures,
dental implants, materials for dental crowns. Incorporation of nanotechnology into the mate-
rials employed in dental regenerative sciences is a promising area for future development of
biomaterials for regeneration of lost alveolar bone and enamel.
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1. Introduction

The global data on severity and mortality of the coronavirus disease 2019 (COVID-19)
pandemic showed that the people of almost all countries and territories have been struggling
due to lack of a specific vaccine or effective prophylactic or therapeutic treatment. A commer-
cial vaccine (live attenuated, heat-killed, RNA or subunit) for the community people usually
takes time. While, to date, most of the antiviral protease inhibitors and (Ritonavir, Lopina
vir, Remdesivir, Hydroxychloroquine, etc.) and specific anti-inflammatory drug used for
COVID-19 patients is on trial and error basis. Most cases, patients are unable to recover
due to nonspecific drug binding, and adverse drug reaction related to patient’s comorbid
conditions including organ malfunctioning.1e5 So, drug target identification, followed by
specific drug delivery for rapid healing and protection against devastating severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2), is necessary on an urgent basis.

The SARS-CoV-2, the causative agent of COVID-19, is an enveloped, non-segmented
positive-sense single-stranded (ss) RNA virus that contains four structural proteins: Spike
(S), Envelope (E), Membrane (M), and Nucleocapsid (N) proteins.44,6 It is reported that
the Spike glycoprotein of this virion harbors a Furin cleavage site, at the boundary between
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its two subunits, S1/S2, which is activated by the host cell enzyme Furin to make the virus
more susceptible to its primary receptor, angiotensin-converting enzyme-2(ACE2).7 Furin
also helps the virion to bind with ACE2 efficiently, via the receptor-binding domain of
S-protein, to transmit the virus as stable form and invade the host cell rapidly for further
pathogenicity.8,7 The receptor-binding domain of S-protein after cleavage mediating
processing, followed by activation, is responsible for binding with ACE2; In contrast, the
interaction of S-protein with host cell ACE2 receptor helps the virus to invade the host
cell.9 The binding affinity of S-protein with ACE-2 is about 10 times higher than other coro-
naviruses,10 indicated that CoV-2 infection depends on host cell ACE2 receptor expression.
Furthermore, TMPRSS-2 (Transmembrane protease serine 2) fuse and activate the S-protein-
ACE2 complex into the host cell endosome, via proteolytic digestion of the S-protein’s S2
domain through membrane fusion.53 This cascade helps to promote the pathogenicity
and life-cycle, for which ACE2 and TMPRSS2 can be served as a viable target for nCoV-2
therapy. It has been found that Furin and TMPRSS2 could play a significant role for efficient
attachment of cleaved S-protein with host cell ACE2 receptor via activation, priming, and
fusion, followed by endosomal internalization to establish pathogenicity through replica-
tion, growth, and spread of the infecting virus to another organ. The proteolytic activity
of such transmembrane serine protease, before cleavage, activation, and fusion has been
exploited by the S-protein of COVID-19 virus toward stronger infection.11

In searching for the phyto-compounds, the scientific literature reveals that nature-derived
phytopharmaceuticals when active phyto-ingredient is prepared with the suitable and
compatible pharmaceutical vehicles and excipients are much more effective and hold promise
rather than conventional synthetic or semisynthetic allopathic drug molecule or solo-Phyto
molecules to fight against various viral infection (Table 19.1). Some of the phyto-herbal com-
pounds were found to be efficacious against different lethal viral strain such as SARS-COV-1,
influenza, MERS coronavirus, Dengue, Japanese encephalitis, Chikungunya, Ebola, human
retroviral infection, as suggested by earlier reports. Curcumin, zingiberene, Ursolic acid,
boswellic acid, withanolides, epigallocatechin gallate, glycyrrhizin, piperine, eugenol,
and sinigrin like potential herbal leads had shown profound antimicrobial activity including
infection of SARS, influenza, and coronavirus.13,14

TABLE 19.1 Detection of microbial strains via biosensor application in various food products.12

Target microbes
Transducer
signal Sensor assembly Bioreceptor Analytes

Sa. typhimurium;
Es coli 0157:H7;
Shi. dysenteriae; Cb.
jejuni

Fluorescence NRL array sensor
(fluorescence- based affinity
assay)

Antibody, ganglioside receptors,
oligo-saccharide

Food or
environmental
Samples

Sa. enteric; Li.
monocytogens; Es.
coli. 0157:H7;

Fluorescence Antibodies linked viabiotin/
avidinton; optical fibers

Polyclonal antibody for capture
antibody; fluorescent monoclonal
antibody oraptamera against
surface protein Inl

Artificially
contaminated
meat samples
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However, those phytocompounds have some pharmacokinetic issues related to absorp-
tion, bio-availability, first-pass metabolism, for which they not able to hold promise for
in vivo potentiality against the infection model, instead of remarkable in vitro results on
the viral strain. Therefore, nanotechnology-based anti-COVID drug lead developments are
urgently required to keeping up the in vivo stability of the Phyto leads and target-oriented
disease management against viral infection and acute inflammation.15 Nanotechnology ori-
ented drug delivery of the phytopharmaceuticals are needed to be formulated to protect
the phytocompounds from in vivo metabolic breakdown into in-active metabolites through
oxidation-reduction reaction (Table 19.2).17

Secondly, COVID-19 diseases affect the lungs of the patient via ACE2 host cell receptor-
mediated pulmonary cellular infection. In this regard, host cell, extracellular furin propro-
teinconvertase and Transmembrane serine protease (TMPRSS2) help the virus to get entry
inside the cell via membrane fusion, cutting of the spike protein into favourable cleavage side,
endocytosis, which further facilitates the viral replication and growth. This phenomenon, in
turn, creates pulmonary blood vessels inflammation, vasculitis, lung fibrosis followed by
cytokine storm for organ damage in the acute stages.18 So COVID pandemic demands a
safe and effective therapeutic strategy via novel drug delivery system (Fig. 19.1).

As per established scientific knowledge reminds us that nano-suspension-based spray de-
livery of the lead phytocompounds via intranasal or oral route needs to be highlighted to
transport the potential Phyto-drug molecules into the host pulmonary cells of the
lungs.19,20,21,22

TABLE 19.1 Detection of microbial strains via biosensor application in various food products.12dcont’d

Target microbes
Transducer
signal Sensor assembly Bioreceptor Analytes

Es. coli. Fluorescence Bioconjugated magnetic
beads for capture fluorescent
polymeric micelles for
reporting

Polyclonal anti-E.coli antibodies Bacteria in
buffer

Es. coli. Thin-film
optical
interference
Spectroscopy

Antibody- functionalized
nanostructure deoxidized
porous silicon(PSiO2)

Anti-e.coli polyclonal antibody Bacteria in
buffer

Sa. typhimurium Light
scattering

Immunoagglutination assay
using anti-Salmonella-
conjugated polystyrene
microparticles

Anti-salmonella polyclonal
antibody

Liquid from
processed raw
chicken

She. oneidensis SERS Silver nanoparticles
sandwiched by analyte
binding on optical fiber tip

NA Bacteria in
buffer

Es. coli; St. aureus
Ba. subtilis

SPR Long-range SPR antibodieson
SAM-gold surface/antibody
efunctionalized magnetic
nanoparticles

potato lectin Bacteria in
serum-spiked
buffer

Abbreviations: Es: Escherichia; Ls: Listeria; NA: Not applicable; Sa: Salmonella; SERS: Surface-enhanced Raman scattering; She:
Shewanella; Shi: Shigella; SPR: Surface Plasmon resonance.
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Hence, current chapter, our deep insights of nanotechnology-based intranasal or intraoral
anti-COVID drug delivery of suitable phytopharmaceuticals as a receptor-ligand on those
cellular drug targets will be emphasized to Controlling and eliminating the spread and reoc-
currence of this pandemic.

2. The origin of phytocompounds as antiviral agents

To this end, aromatic herbs, herbal teas, culinary spices, and medicinal plants used in the
traditional mode of treatments have been regarded as highly promising. As they are safe,
effective and nature gifted, easily available as per requirement. Moreover, several bioactive
leads like glycyrrhizin, andrographolide, silymarin, Baicalin, Theaflavin, Azadirachtin,
Curcumin, Lycorine, Galantamine, Saikosaponin, Ursolic acid, Rosmarinic acid, and
Emodin have revealed promising effect against different deadly viral infection. During the
2003 SARS outbreak,23 the efficacy and performance of phyto-therapy and phytomedicine
for governing viral infections were exemplified. As such, different countries, including China,
Japan, Korea Algeria, are inspiring the use of herbal and medicinal plants in fighting

TABLE 19.2 Nanoparticles application in medical sectors.16

Nanoparticle Function Cell types

Iron oxide nanoparticles Oxidant by Nox 4 over expression Myocardium from mice

RNP Neuroprotective agent (due to its ability to
scavenge free radicals

Middle cerebral artery from rats with
cerebral ischemia/reperfusion injury

Redox -polymer nano
therapeutics

Treatment of the neurodegenerative diseases Brain from sanescence-accelerated
Mouse prone (SAMP8)

WO3 ePt nanoparticles Oxidant. Nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase biomimetic

Tumor cells

Silver nanoparticles Oxidant by increasing Nox 4 expression Human umbilical vein endothelial cells

Silver nanoparticles are
used

Increase of hypertension due to a decrease in
NO levels

Myocardium from rats

PLGA nanoparticles Carrier. Treatment for hypertension Hypertensive rats

Iron oxide, yttrium oxide,
cerium oxide, zinc oxide

Proinflammatory Human vascular endothelial cell line

Nanoparticles based on
polyoxalate

Antioxidant and antiinflammatory Doxorubicin-treated mice heart

Polyketal particles SOD carrier Rat myocardium

Nanoceria Prooxidant. Microvascular dysfunction Arteriola from rats

PEG, polyethylene glycol; PLGA, copolymerpoly (lactic-co-glycolic acid); RNP, radical-containing nanoparticles; SOD, superoxide
dismutase; W03ePt, platinum tungsten oxide.
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SARS-CoV-2 infection23; Phyto. Res.24,25,26 After the outbreak of SARS-CoV (2003) and
MERS-CoV in 2015, researchers have been energetically trying to discover different antiviral
extracts and Phyto-molecules against SARS-CoV. This information had directed a group of
experts to screen more than 200 medicinal plants, culinary spices, and aromatic herbs for their
antiviral properties against this SARS-CoV strain.27,28 The antiviral effects of these extracts
and lead phyto molecules isolated were dose-dependent. They ranged from low to high con-
centrations of the extracts, depending on the requirement.27

2.1 Background study of phytopharmaceuticals for treatment of respiratory
viral infection like influenza, SARS, and MERS coronavirus

An earlier study on traditional and ethnic phyto molecules and their respective extracts,
bioactivity guided fraction demonstrated very promising viricidal or host-virus interaction
blocking results against the respiratory viral infection particularly in influenza, SARS, and
MERS coronavirus. Especially, L. radiata exhibited the most potent antiviral activity against
the virus strain. These data are in accordance with those of two other research teams, which
confirmed that an active compound contained in liquorice roots, i.e., glycyrrhizin, confers an
anti-SARS-CoV effect by stopping viral replication.29 In another study, glycyrrhizin (Glycyr-
rhiza glabra, Fabaceae family) also exhibited antiviral property when tested for its in vitro
antiviral activity on 10 different clinical strains of SARS-CoV. Baicalin, a constituent of the
plant Baikal skullcap (Scutellariabaicalensis), has been demonstrated encouraging antiviral

FIGURE 19.1 Nanotechnology approaches for different types of nanoparticles or materials for various sectors.
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potential against SARS-CoV.30 So far, in-vitro results of Baicalin may not correlate with
in-vivo clinical efficacy. Because the oral bio-availability of Baicalin was not satisfactory as
per expectation. Lycorine is a toxic crystalline alkaloid found in various Amaryllidaceae
species and has also confirmed a powerful antiviral effect against SARS-CoV. Several
previous investigations suggest that lycorine seems to have broad antiviral properties and
has been reported to have an inhibitory action on the Herpes simplex virus (HSV, type I)31

and Poliomyelitis virus.32 Other medicinal herbs and plants and culinary spices that
have been described to have antiviral properties against SARS-CoV, Influenza, and MERS
are Japanese honeysuckle (Lonicera japonica), the commonly known Eucalyptus tree, and
Korean ginseng (Panax ginseng) the last one through its active secondary metabolite,
ginsenoside-Rb1,33 Sinigrin and Hesperidin have demonstrated impressive antiviral prop-
erty against SARS-COV-1 and MERS-COV, as well. Berberine, Quercetin, hypericin, rutin,
isoquercetin, Epigallocatechin 3-gallate, Sylimarin, Bromhexine, Coumarins, Gingerols,
and Curcumin are the potential leads derived from various traditional herbs and spices
and showed very outstanding antiviral efficacy against respiratory viral infection caused
by Influenza virus.13,34

2.2 Scope and prospect of phytocompounds for antiviral pharmaceutical
dosage form for nano-suspension

Inclusion of microemulsion, emulsion, and liposomes may increase bioavailability.
Decrease of size to submicron size, which is recognized as nanosizing, of drugs is also
becoming popular nowadays. It could deliver the drug molecules, particularly unstable
bioactive phytochemicals, to their locus of action.35 As an augmentation of solubility of drugs
may be an ideal approach for increasing bioavailability via nanosizing drug formulation. This
approach may also be quite useful for antiviral drug delivery for treatment, as during viral
infection, upper respiratory tract and lungs are being affected by moderate to severe degree.
In this context, intranasal or oral nanosuspension based antiviral phytochemicals could
confer impressive response for rapid recovery against severe to moderate respiratory syn-
drome caused by SARS virus. The epithelial surface in the nasal cavity is permeable, and phy-
tochemicals can easily enter. This strategy is appropriate to the drugs which are meant for the
nose and lungs. If applied through the nasal cavity, these phyto-leads can circumvent the
first-pass metabolism in the liver and plasma enzyme-mediated degradation.

Phyto-chemicals that are not stable in gastric fluid and are harmed during the first-pass
metabolism in the liver may be applied by nano-spray based nebulizer dosage form through
nasal or oral route. In this way, absorption is slow. This is suitable for drugs given in a low
dose for obtaining the desired effect of antiviral response.36 It is interestingly noted that so
many phyto-compounds such as sinigrin, curcumin, glucoraphanin, allicin, allitridin,
and Gingerol have some limitations at oral-systemic application may due to pharmacokinetic
instability.37 Therefore, nanosuspension coating of potential unstable antiviral phytochemi-
cals can improve the stability, safety, and efficacy for upper respiratory viral infection with
high-biological half-life reducing the dose frequency. The report reveals that these novel
formulation-based drug deliveries are conveyed to have outstanding advantages over con-
ventional formulations of plant actives and extracts which embrace enhancement of solubil-
ity, bioavailability, protection from toxicity, enhancement of pharmacological activity,
improved tissue macrophages distribution, sustained delivery, and protection from physical
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and chemical degradation.38 Proposed nano-suspension-based nebulizer drug delivery aims
to improve the target specification curb the unwanted side effects of the active phyto-
ingredient when used at high levels. Current potent herbs derived phyto molecules such
as epigallocatechin gallate, Quercetin, resveratrol and curcumin, silymarin are supposed to
be prospecting and productive.39

3. The rationality behind choosing nano-suspension based drug delivery for
antiviral response in the context of COVID-19

Earlier reports recommend that two potent Phyto molecules curcumin and silymarin had
shown fruitful antiviral response against the number of pathogenic deadly viral infection in
the in vivo system through nanoparticle-based drug delivery. This nanotechnology-based
nano-emulsion or nano-suspension phyto-formulations of the bioactive natural compounds
(curcumin and silymarin) has remarkably improved the pharmacokinetic parameters to
meet significant antiviral response. Because curcumin and silymarin face lot of issues related
to solubility, absorption, cellular drug distribution and first-pass metabolism, for which the
bioactivity against the viral infection in the cellular or tissue level have been hindered.40,41,42

Moreover, viral diseases distress millions of people universally, with a major influence on hu-
man health and socioeconomic development. More than 40 million people are exaggerated
with human immunodeficiency virus (HIV) alone. SARS, MERS infection caused by influ-
enza, corona, and another deadly virus like Ebola, chikungunya, etc., have taken many lives
worldwide in the last 2 years. Hence, present chapter highlights the various nano-carriers
(e.g., nano-liposomes, polymeric nanoparticles, solid lipid nanoparticles nano-emulsion,
and nano-suspension, etc.) based on tactics that have been discussed in the literature and
practically applied in the clinic to combat the different challenges met by the antiviral ther-
apy. The recent developments in smart delivery technologies (e.g., nano-suspension) target-
ing delivery for site-specific lung mediated delivery of antiviral phytopharmaceuticals at the
viral reservoirs are also being discussed in the context of handling of COVID-19 pandemic.43

Moreover, earlier reports suggested that nano-suspension of lipid nanoparticle carrying suit-
able active ingredient has been formulated to bypass the lymph node drug insufficiency of
the oral combination of the drugs. This nanoparticle formulation demonstrated long-lasting
plasma drug profiles and better lymph node drug levels in the macaque in vivo model
(Fig. 19.2).

Nanomedicine scientists should take advantage of advanced drug development tools via
nano lipid particle-based suspension and followed by animal model’s validation to investi-
gate and explore the nanoparticle combination therapeutics of phytopharmaceuticals against
COVID-19.21

3.1 Expected pharmacological targets for prevention of COVID-19 infection

3.1.1 Host cell surfaced receptor and nano-suspension-based spray drug delivery

The SARS-CoV-2, the causative agent of COVID-19, is an enveloped, nonsegmented
positive-sense single-stranded (ss) RNA virus that contains four structural proteins: Spike
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(S), Envelope (E), Membrane (M), and Nucleocapsid (N) proteins.44,6 It has been reported that
the Spike glycoprotein of this virion anchorages a Furin cleavage site, at the boundary be-
tween its two subunits, S1/S2, which is triggered by the host cell enzyme Furin to make
the virus more vulnerable to its primary receptor, angiotensin-converting enzyme-
2(ACE2).7 Furin also aids the virion to bind with ACE2 efficiently, via the receptor-binding
domain of S-protein, to transmit the virus as stable form and invade the host cell rapidly
for further pathogenicity.8,7 The receptor-binding domain of S-protein after processing via
cleavage, followed by activation, is responsible for binding with ACE2. In contrast, the inter-
action of S-protein with host cell ACE2 receptor helps the virus to invade the host cell.9 The
binding affinity of S-protein of novel coronavirus with ACE2 is about 10 times higher than
other preceding coronaviruses,10 suggesting that CoV-2 infection depends on host cell
ACE2 receptor expression.

Furthermore, TMPRSS2 (Transmembrane protease serine 2) fuse and activate the S-protein-
ACE2 complex into the host cell endosome, via proteolytic breakdown of the S-protein’s S2
domain through membrane fusion.11 This phenomenon assists in triggering the pathogenicity
and life-cycle, for which ACE2 and TMPRSS2 can be served as a viable target for anti-COVID-
19 therapy. It was reported that Furin andTMPRSS2 could play a significant role for efficient
attachment of cleaved S-protein with host cell ACE2 receptor via activation, priming, and
fusion, subsequently endosomal internalization to establish pathogenicity through replica-
tion, growth, exocytosis and spread of the infecting virus to another cellular organ.

FIGURE 19.2 Bacterial biosensors with their parameters and value or quantity of detection.
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The proteolytic activity of such transmembrane serine protease, before cleavage, activation,
and fusion has been exploited by the S-protein of COVID-19 virus toward stronger infection.11

Our current understanding has emphasized on the rational selection of suitable phytophar-
maceutical ligand as a potential anti-COVID-19 agent to targeting those host cell receptor
proteases to impair the host cell-virus interaction. These could be achieved via nasal or oral
nano-suspension spray-based drug delivery of suitable antiviral phytocompounds, to tackle
this pandemic panic within a very shortened period.

Moreover, this validated receptor blockers could be delivered specifically via oral or nasal
inhaler spray or vapor nano-spray formulation to the corresponding host cell receptor,
located at oral mucosa, nasal membrane, and lung cell surface receptor. This tactic could
be appropriate; because of the micronized nano-aerosol suspended drug particle would
bind to the Furin and TMPRSS2 receptor(s) of the cells in upper respiratory tract very
rapidly in a small concentration, via targeted novel drug delivery system. Furthermore,
drug formulated in e-cigarette45 could deliver the active constituent quickly into the lung
cell surface receptor for competitive binding to block the virus entry into the host cell. The
strategy would provide promising therapeutic intervention toward the emerging insight of
prophylactic treatment as supported by the earlier report on the treatment of influenza pa-
tient with intranasal or oral delivery of antiviral drug successfully.46,47 The novel approach
of such drug delivery may improve the pharmacokinetic behavior of the antiviral prophylac-
tic or therapeutic agent(s) by enhancing absorption and cell permeability. Drug particle
formulated as a harmonious combination of cocktail receptor inhibitors at optimal pharma-
cologically relevant dose could block the host Furin, and TMPRSS2 receptor located in the
target organs esophagus, lungs, as well as in the colon, liver, heart, kidneys, intestine, and
pancreas to prevent the entry of the SARS-CoV-2. Additionally, it may diminish the toxicity
of the main active ingredient, as well.48

Apart from the host cell receptor, several viral targets have been identified so far for ther-
apeutic intervention including mainly receptor-binding domain (RBD)/Spike protein, N
protein, E protein, 3CLpro and RdRp. The probable inhibitor designing from the Phyto mol-
ecules data banks and their subsequent target-oriented nano-drug delivery via nebulizer
could be useful for controlling the COVID-19 infection19,49,50; The probable phyto molecules
as a cocktail combination may be delivered in situ by nano-aerosol suspension inhaler via
oral or nasal route rapidly via targeting the above-cited viral protease enzymes for blocking
the endosomal viral fusion, replication, growth and infectivity. Hence this plant origin phar-
maceutical product for antiviral herbal medicine discovery containing one or more than
active ingredients is called as phytopharmaceuticals (Fig. 19.3).

3.1.2 SARS-nCoV-2 drug targets and management via nano colloidal spray
suspension

Nano inhalation delivery of the prophylactic or therapeutic phyto molecules coated with
copper or silver nanobiomaterials can significantly reduce the outbreak and severity of the
infection of COVID-19 in the context of pandemic panic51 because prevention is better than
cure. Moreover, this lethal virus loses its virulence factor and gets deactivated within a short
period (1e4 h) upon exposure on copper or silver materials. This strategy of applications
aims to control (i) local outbursts of COVID-19 via early-stage home treatment and (ii) lower
the risk of ventilator-associated pneumonia (VAP) in hospital ICU. This methodology is to
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propose a first-line interference measure with the potential to conquer the proliferation of the
viral infection across the respiratory system.

Based on previously published experimental data, on the antiviral effects of a colloidal sus-
pension of silver or copper nanoparticle formulation would be convenient and feasible for
achieving antiviral MICof nanomaterial coated phytopharmaceuticals in various respiratory
system locations (nasopharyngeal and pulmonary cells). However, efficiency might be
depending on (a) the nanoparticle size-dependent required concentration of active phytome-
tabolites (b) the required aerosol delivery characteristics (c) also inhalation time fraction of the
normal breathing cycle.

4. Significance of nebulizer-spray for drug delivery against SARS viral
infection reference to nCOV-2

Nebulizer based drug delivery is not only effective in mildly symptomatic patients or early
prevention of the COVID-19 outbreak, but this aerosolized nano-drug delivery has been
found to effective toward the acute and ICU ventilated COVID-19 patients, too.52,53

Nebulized nano-drug delivery of active antiviral phyto molecules possesses a robust sci-
entific and biological basis. This strategy recommends urgent investigation of its therapeutic
potential, for COVID-19-induced severe acute respiratory syndrome (SARS). COVID-19

FIGURE 19.3 Schematic diagrams for nanomaterials synthesis.
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SARS creates the typical manifestations of diffuse alveolar injury with extensive pulmonary
coagulation activation resulting in fibrin deposition in the microvasculature and formation of
hyaline membranes in the air sacs. COVID-19 patients manifest high levels of inflammatory
cytokines in plasma and bronchoalveolar lavage fluid and followed by significant coagulop-
athy. The anticoagulant phytocompounds of nebulized nando-drug delivery may limit fibrin
deposition and microvascular thrombosis. Earlier reports suggested that Trials in patients
with acute lung injury and related conditions found inhaled anticoagulant or antiinflamma-
tory drug molecules reduced pulmonary dead space, coagulation activation, microvascular
thrombosis and clinical deterioration, resulting in increased time free of ventilatory support.

Furthermore, nebulized nano-aerosol suspension holding antiinflammatory, mucolytic,
and antiviral Phyto-compounds cocktail, could inactivate the SARS-CoV-2 virus and prevent
its entry into mammalian cells, thereby inhibiting pulmonary infection by SARS-CoV-2 as
well improve the pharmacokinetic behavior of those plant originated herbal drugs.54,55,56

Additionally, clinical studies have shown that inhaled nebulizers securely recover outcomes
in other inflammatory respiratory diseases and also acts as an effective mucolytic in sputum-
producing respiratory patients. It is extensively available and low-cost, which may make this
treatment also accessible for low- and middle-income countries. These potentially important
therapeutic properties of nebulized nano-inhaler emphasize the necessity for accelerated
large-scale clinical trials to examine its potential to diminish mortality in COVID-19
patients.57e59

5. Ingredients used in nanosuspensions-based spray nebulizer formulation

5.1 Solubility and stability considerations

If a drug is insoluble or poorly soluble in the common solvents for human consumption,
then formulation is usually prepared through nano-suspension. Certain phytochemicals-
based drugs get decomposed in the presence of water as an aqueous vehicle and thus cannot
be formulated as an aqueous solution. These types of phytopharmaceuticals may be sus-
pended in an alternative nonaqueous vehicle. Prolonged contact between the drug and the
dispersion medium might be avoided by formulating a lyophilized suspension which can
be freshly prepared with the reconstitution of relevant solvent just before oral administration
by the patient. The absorptive properties of fine powders are used in formulating inhalations.
Volatile components like menthol or eucalyptus oil if present would be rapidly lost from the
solution during use whereas it can be preserved and more prolonged release can be achieved
in case of nebulizer-based spray formulation. By using spray nebulizer, the drug can be easily
delivered to the target site from the metered device. Vaccines for induction of immunity are
often formulated in dispersions of killed microorganisms like in case of cholera, diphtheria, or
tetanus vaccine. Thus, the high antigenic stimulus can be provided for a prolonged period
which will result in high antibody titer.60

5. Ingredients used in nanosuspensions-based spray nebulizer formulation 447

III. Nanoparticles in health care



5.2 Stabilizers

Stabilizers are the class of excipients that provide stability to the finished dosage form and
are broadly classified into antioxidant and antimicrobial preservative. An antioxidant pre-
vents oxidative degradation of the drug present in the formulation. Antioxidant should be
compatible with other formulation additives. Before including an antioxidant in a suspen-
sion, it is essential to check that its use is not restricted in countries where it desires to sell
the formulation. Examples of the effective antioxidant include butylated hydroxy anisole
(BHA) and butylated hydroxytoluene (BHT) which are effective at low concentration of
0.02%e0.1% and 0.001% respectively for BHA and BHT. Other examples include tocopherol,
EDTA, ascorbic acid, citric acid, etc.

For nanosuspension, a suitable preservative is included in the formulation, particularly if
naturally occurring materials are to be used. It will help prevent the growth of microorgan-
isms that may be present in the raw materials or maybe introduced during its use. Preserva-
tives added should be effective against a wide range of bacteria, fungi, yeast, molds, etc., and
should be effective at less concentration. Examples of effective preservatives include methyl-
paraben, propylparaben in 10:1 ratio, benzoic acid (0.1%e0.2%), sodium benzoate
(0.1%e0.2%), alcohol (15%e20%), glycerine (45%) concentration etc.

5.3 Density modifiers

From the qualitative view of Stoke’s law equation, it is seen that lesser is the difference in
density between the dispersed nano-sized particles and the dispersion medium lesser will be
the tendency to settle down at the bottom. Therefore, similarities in density between these
two phases will prevent the sedimentation in nanosuspensions. Thus, the uniform distribu-
tion of the drug throughout the dosage form can be achieved. Modification of aqueous phase
by addition of a small quantity of glycerol or propylene glycol can be achieved.

5.4 Surfactants and cosurfactants

Surfactants are added in the nanosuspensions to minimize the interfacial tension between
the dispersed phase and dispersion medium, which in turn helps to stabilize suspension. Sur-
factants help to lower the surface free energy of the suspended particles.

5.5 Poloxamers

These are synthetic polymers generally regarded as safe (GRAS) by the Food Drug Admin-
istration (FDA) and possess a lot of pharmaceutical applications. Most frequently used polox-
amer in pharmaceutical nanosuspensions are poloxamer 188 and poloxamer 407.
Hydrophilic-lipophilic ratio, functional group, molecular weight and morphology are the
key decisive factors for crystal growth, stability, and their selection as formulation adjuvant
in nanosuspensions.61
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5.6 Cellulose derived polymers

Hydroxypropyl methylcellulose (HPMC), hydroxypropyl cellulose (HPC), and hydroxyl
ethyl cellulose (HEC) have been widely used as stabilizing agents as well as release modifiers
in nanosuspensions. These polymers show steric stabilization of the formulation due to sur-
face adsorbed hydrophobic groups.62

Organic Solvents-Class three organic solvents such as ethyl alcohol, acetone, butanol, ethyl
formate, ethyl ether, ethyl acetate, methyl acetate, methyl ethyl ketone, triacetin which are
potentially less toxic to humans are more preferred over conventional hazardous residual
solvents.

5.7 Miscellaneous additives

Nanosuspensions like coarse suspensions may contain buffers, osmotic agents, cryoprotec-
tive agents, organoleptic agents depending on the type, route of administration and nature of
the drug.

6. Preparation methods of nanosuspension

For the preparation of nanosuspensions, two methods are used, namely, the top-down
method and the bottom-up method. Under these two basic methods, various methods are uti-
lized for the preparation of nanosuspensions. Wet milling, dry milling, high-pressure homog-
enization and cogrinding method fall under top-down method, and antisolvent precipitation,
liquid emulsion, and sono-precipitation methods fall under bottom-up method.

6.1 Media milling method

Dry milling and wet milling methods fall under the media milling method. In this method,
nanosuspensions are prepared by the application of high shearing forces utilizing ball mill or
media mill. The size reduction within the milling chamber charged with drug, stabilizer, and
vehicle is carried out by application of both impact and attrition forces between the particles
and milling chamber. Low energy utilization, ease of scale-up, minimum batch to batch vari-
ation and capability to handle large quantities of the material makes this process highly reli-
able and industry efficient method. This process can be used for both batch and continuous
operations. This method is approved by the Food Drug and Administration (FDA). By this
method, we can reduce the size of the particles to <200 nm in 30e60 min.63

6.2 High-pressure homogenization

In this method, nanosuspensions are prepared by the application of high pressure of
100e1500 bars by passing thematerials through a valve that has a small aperture.64 By this pres-
sure, we can easily convert the micron size ranged particles to nano-ranging particles. For this
process, we need the feed materials of micron-size particles to be in the order of
preferably <25 mm, and for this, we can use the jet mill for initial size reduction before putting
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the feedmaterials in thehomogenizer for further size reduction. In thisprocess, thestaticpressure
reduction due to sudden drop in static velocity of fluids generates cavities, implosion forces and
shockwaves in the liquidmedium breaking down themicroparticles to nanoparticles. This pro-
cess can also be used for batch and continuous operations.

6.3 Precipitation method

In this method, thematerials of subcolloidal particle size range are allowed to aggregate into
colloidal size range particles by allowing nucleation in a prepared supersaturated solution of
drug in a water-miscible organic solvent at optimum temperature and dispersing a small
amount of nonsolvent and water under rapid stirring.12 Rapid nucleation and slow growth
rate of crystal size are the decisive factors in the successful production of thermodynamically
stable crystal form. Generation of the finely dispersed uniform-sized drug, ease of scale-up
and simple and economical process makes the precipitation method industry efficient.

6.4 Emulsion solvent evaporation technique

In this method, initially, the emulsion is formed by first dissolving the drug in an organic
solvent and subsequently dispersing it in an aqueous phase containing a surfactant. Further
rapid evaporation of the solvent under reduced pressure results in instant production of
nanosuspension. Key factors in this method are globule size and concentration of stabilizer.

6.5 Ultrasound-assisted sono-crystallization method

It is a novel method for the preparation of nanosuspensions. In this method, an ultrasound
wave is employed in the frequency range of 20e100 Kha, which increases the efficiency of
particle size reduction. It is also considered as an effective method for controlling the nucle-
ation and crystallization process.65

6.6 Cogrinding method

In this method, stable nanosuspensions are prepared by a dry cogrinding technique by us-
ing various polymers and copolymers such as Hydroxypropyl methylcellulose (HPMC),
polyvinyl pyrrolidone (PVP), polyethene glycol (PEG), cyclodextrin derivatives, etc.66

Controlled stability and enhanced solubility of poorly soluble drugs have been improved
by employing this method for preparation of nanosuspensions.60,67

7. Characterization and evaluation tests

The essential parameters for evaluating nanosuspensions are as follows:

7.1 Mean particle size and particle size distribution

These two parameters are important characterization parameters for nanosuspensions as
they govern the physical stability, absorption, dissolution, bioavailability, as well as the
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biological performance of the nanosuspensions. The physical stability of nanosuspensions is
governed by the polydispersity index (PI). It should be <0.1e0.25, which indicate a impar-
tially narrow particle size distribution, whereas a PI value of >0.5 indicates a broad particle
size distribution. Photon correlation spectroscopy (PCS) can be used to determine the mean
particle size of nanosuspensions rapidly.68 Moreover, PCS helps to determine the PI
also. <Laser diffractometry (LD) analysis to quantify the nanoparticulate drug particles as
well as gives an account of their volume size distribution. LD helps in determining the par-
ticles in size range of 0.05e80 mm. The particle size determination by LD analysis is a valuable
technique for designing pulmonary as well as parenteral drug delivery systems in case of
nanosuspensions. For nanosuspensions, particle size determination can also be undertaken
by the Coulter counter method, an essential tool in case of intravenous formulations.60

7.2 Crystalline state and particle morphology

A drug might exhibit polymorphism or undergo morphological changes during nanosiz-
ing. In order to understand these behavioral changes of a drug substance, it is essential to
study their crystalline state and particle morphology. Moreover, when the nanosuspensions
are formulated, drug substances undergo size reduction during which amorphous state par-
ticles may be generated. Hence, it is essential to study the presence of amorphous drug par-
ticles in nanosuspensions. It can be determined by X-ray diffraction (XRD) analysis69,70

proceedings and also by differential scanning calorimetry (DSC) study. In order to determine
the particle morphology, scanning electron microscopy (SEM) is preferred.70

7.3 Particle charge (zeta potential)

The physical stability of nanosuspensions is determined by identifying their particle
charge or zeta potential, which is governed by the drug itself and stabilizer. Nanosuspensions
may be stabilized by stearic and electrostatic stabilization. Zeta potential of 30 mV is desired
for good stability in case of electrostatic stabilization whereas a zeta potential of 20 mV is
desired for good stability of both steric and electrostatic stabilization.71

7.4 Saturation solubility and dissolution

Saturation solubility and dissolution both collectively help to anticipate the in vivo perfor-
mance of the nanosuspensions. The in vivo performance parameters include the blood pro-
files, plasma peak and bioavailability.72

7.5 In vivo biological performance

The investigation of in vivo performance and the formation of the in vitro/in vivo corre-
lation are an integral part of the assessment parameters of any pharmaceutical formulation
irrespective of its route of administration and its dosage form. For this, suitable technique
has to be employed to determine the surface properties like hydrophilicity or hydrophobicity
and protein binding of the formulated nanosuspensions as they decide their in vivo perfor-
mance in the human body after administration.72
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8. Component system for intranasal and oral inhaler-based drug delivery
systems

In the case of intranasal drug delivery, it is essential to consider the correlation between the
formulation, device, and patient. These three factors play an important role in where the
drug-loaded droplet deposit in the nasal cavity. The site of deposit of drug particle, either
anterior or posterior is considered to be a key parameter for success or failure of nasal
drug delivery system.

Nasal spray devices come in a variety of dose and container volumes sizes. They are avail-
able in both unit dose as well as multi-dose systems. Actuator plays a crucial role in deliv-
ering the desired form of dosage form from the nebulized device. The fill volume is 125 mL
for unit dose and 30 mL or more for multidose. Spray volume ranges from 25 to 140 mL.
The selection of the spray pump depends on the volume of the formulation. Spray pumps
in nebulizers are generally used for the production of both local as well as systemic effect.
They are available with a wide range of closures, actuators and other accessories which
help them to meet customer requirements. These pumps are used for a wide variety of ther-
apeutic purposes ranging from allergy, pain, intranasal mass vaccination, etc.

The droplet size distribution of the sprayed formulation is important in vitro evaluation
test. It can be determined using a laser diffraction pattern study of the sprayed nanodroplets.
The droplet size distribution is characterized by the determination of the volume of distribu-
tion (Dv10, Dv50, and Dv90), percentage (%) less than 10 mm Dv50 stands for volume median
diameter. It indicates that 50% of the distribution is contained in droplets that are smaller
than this value while the other half is contained in droplets that are larger than this value
and so on for Dv10 and Dv90.

Spray pattern and plume geometry are important parameters for the performances of
pump and nozzle. There are different factors which affect spray pattern and plume geometry,
like size and shape of the nozzle, design of the pump, size of metering chamber, and type of
formulation.

The spray pattern is tested by noting the distance between the nosepiece and the collection
surface for the spray, number of sprays per spray pattern, position of collection surface rela-
tive to nosepiece, and visualization procedure.

ViaNase is a liquid dosage form-based drug delivery device which helps in controlled par-
ticle dispersion. There are some other interesting devices like OptiMist and DirectHaler,
which are devices that are used to target liquid nasal formulations to the nasal cavity as
well as the olfactory region. Optimism is a breath-actuated device and has proven to result
in more deposition in the nasal cavity than a spray pump.73,74

9. Applications of nanosuspension in targeted drug delivery for pulmonary
viral infection

Potentially nanosuspensions can overcome various problems associated with conventional
dry powder inhalers or suspension type inhalational. Diffusion and dissolution in alveolar
fluids, rapid clearance owing to short residence time due to ciliary movement, deposition
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in the pharynx, and upper respiratory tract due to aggregation of particles are the common
drawbacks of conventional aerosol delivery systems which may be successfully minimized
by designing nanosuspension-based nebulizer drug delivery system.

Nanoparticulate nature of the particle can offer quick onset of action due to rapid diffusion
and dissolution in the alveolar fluids. Because of their small size, they show a more uniform
distribution of the drug in the lungs. At the same time, it will also increase the adhesion of the
drug to the mucosal surface will offer prolonged residence time of the drug at the absorption
site. Budesonide drug nanoparticles were successfully nebulized using ultrasonic nebulizer
technique.63 Many folds can increase the respirable fraction of drug in case of nebulizer based
nanosuspension technology as it is evident from antioxidant coenzyme Q10 nanosuspension
stabilized with PEG32 stearate. In vitro cellular cytotoxicity in A549 human lung cells shows
no noticeable cytotoxicity for nanosuspensions.75

Sometimes it is observed that conversion of nanosuspensions into solid oral and inhalable
dosage form may be advantageous to overcome the physical instability associated with their
liquid state. For this purpose, spray and freeze-drying techniques are most frequently used.
Reconstitution solvents are supplied along with the pack for easy dispersibility of the same
just before administration for oral and pulmonary clinical applications.76

One study reported that pulmonary aspergillosis could be easily targeted by using nano-
suspensions of amphotericin B instead of using its stealth liposomes.77 Another study at the
Freie University of Berlin reported development and characterization of buparvaquone nano-
suspensions for pulmonary delivery in the treatment of pneumocystis pneumonia.

Several concepts of nanosuspension formulations have been developed at the Baxter
Healthcare Corporation, which can be an excellent choice for treating bioweapon mediated
diseases. These concepts suggest that alteration in pharmacokinetic profiles of existing anti-
biotics can lead to enhanced therapeutic efficacy with reduced side effects. It is evident in the
case of nanosuspension formulated with antifungal agent itraconazole. A strategy for den-
dritic cell vaccine has been developed for use against bio-weapons.78

10. Conclusion

Taken together our study, it could be suggested that traditional medicinal herbs and spices
derived versatile phytocompounds could be explored to fight against SARS-COV-2 induced
lethal pathophysiological immune response and functional disorders. These compounds may
confer specific inhibition toward the viral protein-mediated endocytosis, fusion, replication
growth due to the presence of secondary metabolic unique pharmacophore scaffolds.

Intranasal or oral inhaler-based nano-suspension of phytometabolites conjugated with tar-
geting ligand, bio-stabilizers must assist the phytopharmaceuticals in reaching and interact-
ing within the locus of pharmacodynamic action into the lungs either viral protease or host
cell transmembrane receptor. These nano-phyto formulations of the pharmaceutical product
would be very useful and attenuated remarkably the pharmacokinetic unstability related to
ADME profile and in vivo compound degradation of phyto molecules after administration.

Our evidenced-based scientific review and the study on therapeutic or prophylactic drug
delivery of antiviral phytocompounds suggest that many herbal compounds could success-
fully reach the targets of SARS-COV-2 life-cycles around the extracellular and intracellular
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host cellular receptor sites and airway surfaces via bypassing the untoward effects of active
medicament, reducing the recovery time from viral infection and associated pathological dis-
orders. Systemic instability of the active phytomolecules could be avoided through such nano
aerosol-based phytopharmaceutical dosage form. These novel strategies of nano-
pharmaceuticals could improve the antiviral efficacy through the inclusion of silver or cop-
per nano-powder-based suspended adjuvants. These technologies also may confer rapid
therapeutic action through suitable patient compliance rather than oral tablet, capsule or
intravenous injection dosage form for COVID-19 management. It would be noninvasive
and painless. These nano-spray inhalers may allow delivery of optimum drug concentrations
to the airway surface of the upper respiratory tract for speedy combating of SARS-CoV-2
infection mediated complications. Pressurized metered-dose inhalers could assist in this re-
gard. Jet NebulizersdUltrasonic Nebulizers could also successfully deliver the phyto-
compounds via nano-suspension or emulsion liquid dosage form toward the locus of drug
targets. The nebulizer-based nanodrug delivery could easily block the virus-host interaction
through the receptor-based attachment for preventing the proliferation of degree of viral
infectivity at the cellular level when mild to moderate symptoms of COVID-19 seems to be
ascended.

However, the particle size of the nano-suspension and the inhalation techniques adopted
by the patient like inspiratory volume, inspiratory flow rate, breath-hold time, breathing rate,
and nose versus mouth breathing may trigger or modulate the antiviral response. Moreover,
this delivery techniques need to validate in a preclinical or clinical model of COVID-19 with
the potential anti-SARS-Cov-2 therapeutic agents(Phyto-molecules) by altering the composi-
tion of nano-biomaterial excipients for obtaining better, safe and promising antiviral effect
against COVID-19 patient. This respirable nano-carrier is an excellent strategy for antiviral
drug delivery of phytopharmaceuticals.

References
1. Lenkens M, de Wit H, Danser AH, Esselink AC, Horikx A, Ten Oever J, van de Veerdonk F, Kramers C. Gen-

eesmiddelen bij COVID-19 [Medication and comedication in COVID-19 patients]. Ned Tijdschr Geneeskd
2020;164:D4995. Dutch. PMID: 32324352.

2. Zhao H, Wald J, Palmer M, Han Y. Hydroxychloroquine-induced cardiomyopathy and heart failure in twins. J
Thorac Dis 2018;10:E70e3.

3. Zumla A, Chan JF, Azhar EI, Hui DS, Yuen KY. Coronavirusesddrug discovery and therapeutic options. Nat
Rev Drug Discov 2016;15:327e47.

4. Cameron CE, Castro C. The mechanism of action of ribavirin: lethal mutagenesis of RNA virus genomes medi-
ated by the viral RNA-dependent RNA polymerase. Curr Opin Infect Dis 2001;14:757e64.

5. Carter KL, Do DV. Hydroxychloroquine-induced retinal toxicity. J Rheumatol 2020;47:632.
6. Drosten C, Preiser W, Günther S, Schmitz H, Doerr HW. Severe acute respiratory syndrome: identification of the

etiological agent. Trends Mol Med 2003;9(8):325e7. https://doi.org/10.1016/s1471-4914(03)00133-3. PMID:
12928032; PMCID: PMC7128529.

7. Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D. Structure, function, and antigenicity of the
SARS-CoV-2 spike glycoprotein. Cell 2020;181(2):281e92.

8. Coutard B, Valle C, de Lamballerie X, Canard B, Seidah NG, Decroly E. The spike glycoprotein of the new coro-
navirus 2019-nCoV contains a furin-like cleavage site absent in CoV of the same clade. Antiviral Res
2020;176:104742. https://doi.org/10.1016/j.antiviral.2020.104742. PMID: 32057769; PMCID: PMC7114094.

9. Li SY, Chen C, Zhang HQ, et al. Identification of natural compounds with antiviral activities against SARS-asso-
ciated coronavirus. Antivir Res 2005;67(1):18e23. https://doi.org/10.1016/j.antiviral.2005.02.007.

19. Nebulizer spray delivery of phytopharmaceutical nanosuspension via oral and nasal route454

III. Nanoparticles in health care

https://doi.org/10.1016/s1471-4914(03)00133-3
https://doi.org/10.1016/j.antiviral.2020.104742
https://doi.org/10.1016/j.antiviral.2005.02.007


10. Lau E, Nash CZ, Vogler DR, Cullings KW. Molecular diversity of cyanobacteria inhabiting coniform structures
and surrounding mat in a Yellowstone hot spring. Astrobiology 2005;5(1):83e92.

11. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S, et al. Sars-cov-2 cell entry depends
on ace2 and tmprss2 and is blocked by a clinically proven protease inhibitor. Cell 2020;181(2):271e280.e8.
https://doi.org/10.1016/j.cell.2020.02.052. PMID: 32142651; PMCID: PMC7102627.

12. Patel VR, Agrawal YK. Nanosuspension: an approach to enhance solubility of drugs. J Adv Pharm Technol Res
2011;2(2):81.

13. Hensel A, Bauer R, Heinrich M, et al. Challenges at the time of COVID-19: opportunities and innovations in an-
tivirals from nature. Planta Med 2020;86(10):659e64. https://doi.org/10.1055/a-1177-4396.

14. Langeder J, Grienke U, Chen Y, Kirchmair J, Schmidtke M, Rollinger JM. Natural products against acute respi-
ratory infections: strategies and lessons learned. J Ethnopharmacol 2020;248:112298. https://doi.org/10.1016/
j.jep.2019.1122.

15. Conte R, Marturano V, Peluso G, Calarco A, Cerruti P. Recent advances in nanoparticle-mediated delivery of
anti-inflammatory phytocompounds. Int J Mol Sci 2017;18(4):709. https://doi.org/10.3390/ijms18040709.

16. Puglia C, Lauro MR, Tirendi GG, et al. Modern drug delivery strategies applied to natural active compounds.
Expert Opin Drug Deliv 2017;14(6):755e68. https://doi.org/10.1080/17425247.2017.1234452.

17. Uskokovi�c V. Why have nanotechnologies been underutilized in the global uprising against the coronavirus
pandemic? Nanomedicine 2020;15(17):1719e34. https://doi.org/10.2217/nnm-2020-0163.

18. Shang J, Wan Y, Luo C, et al. Cell entry mechanisms of SARS-CoV-2. Proc Natl Acad Sci U S A
2020;117(21):11727e34. https://doi.org/10.1073/pnas.2003138117.

19. Basu S, Holbrook LT, Kudlaty K, et al. Numerical evaluation of spray position for improved nasal drug delivery.
Sci Rep 2020;10(1):10568. https://doi.org/10.1038/s41598-020-66716-0. Published 2020 Jun 29.

20. Contini C, EnricaGallenga C, Neri G, Maritati M, Conti P. A new pharmacological approach based on remdesivir
aerosolized administration on SARS-CoV-2 pulmonary inflammation: a possible and rational therapeutic appli-
cation [published online ahead of print, 2020 May 24]. Med Hypotheses 2020;144:109876. https://doi.org/
10.1016/j.mehy.2020.109876.

21. Chauhan G, Madou MJ, Kalra S, Chopra V, Ghosh D, Martinez-Chapa SO. Nanotechnology for COVID-19: ther-
apeutics and vaccine research [published online ahead of print, 2020 Jun 29]. ACS Nano 2020. https://doi.org/
10.1021/acsnano.0c04006.

22. Weiss C, Carriere M, Fusco L, et al. Toward nanotechnology-enabled approaches against the COVID-19
pandemic. ACS Nano 2020;14(6):6383e406. https://doi.org/10.1021/acsnano.0c03697.

23. Chen Z, Nakamura T. Statistical evidence for the usefulness of Chinese medicine in the treatment of SARS. Phyt-
other Res 2004;18(7):592e4. https://doi.org/10.1002/ptr.1485.

24. Cheng PW, Ng LT, Chiang LC, Lin CC. Antiviral effects of saikosaponins on human coronavirus 229E in vitro.
Clin Exp Pharmacol Physiol 2006;33(7):612e6. https://doi.org/10.1111/j.1440-1681.2006.04415.x.

25. Lin LT, Hsu WC, Lin CC. Antiviral natural products and herbal medicines. J Tradit Complement Med
2014;4(1):24e35. https://doi.org/10.4103/2225-4110.124335.

26. McCutcheon AR, Roberts TE, Gibbons E, et al. Antiviral screening of British Columbian medicinal plants. J Eth-
nopharmacol 1995;49(2):101e10. https://doi.org/10.1016/0378-8741(95)90037-3.

27. Boukhatem MN, Setzer WN. Aromatic herbs, medicinal plant-derived essential oils, and phytochemical extracts
as potential therapies for coronaviruses: future perspectives. Plants 2020;9(6):800. https://doi.org/10.3390/
plants9060800. Published 2020 Jun 26.

28. CDC SARS response timeline. Available online: http://www.cdc.gov/about/history/sars/timeline.htm. (Accessed
18 March 2020).

29. Cinatl J, Morgenstern B, Bauer G, Chandra P, Rabenau H, Doerr HW. Glycyrrhizin, an active component of
liquorice roots, and replication of SARS-associated coronavirus. Lancet 2003;361(9374):2045e6. https://
doi.org/10.1016/s0140-6736(03)13615-x.

30. Chen F, Chan KH, Jiang Y, et al. In vitro susceptibility of 10 clinical isolates of SARS coronavirus to selected anti-
viral compounds. J Clin Virol 2004;31(1):69e75. https://doi.org/10.1016/j.jcv.2004.03.003.

31. Renard-Nozaki J, Kim T, Imakura Y, Kihara M, Kobayashi S. Effect of alkaloids isolated from amaryllidaceae on
herpes simplex virus. Res Virol 1989;140(2):115e28. https://doi.org/10.1016/s0923-2516(89)80089-5.

32. Ieven M, Vlietinck AJ, Vanden Berghe DA, et al. Plant antiviral agents. III. Isolation of alkaloids from cliviami-
niata regel (Amaryllidaceae). J Nat Prod 1982;45(5):564e73. https://doi.org/10.1021/np50023a009.

References 455

III. Nanoparticles in health care

https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1055/a-1177-4396
https://doi.org/10.1016/j.jep.2019.1122
https://doi.org/10.1016/j.jep.2019.1122
https://doi.org/10.3390/ijms18040709
https://doi.org/10.1080/17425247.2017.1234452
https://doi.org/10.2217/nnm-2020-0163
https://doi.org/10.1073/pnas.2003138117
https://doi.org/10.1038/s41598-020-66716-0
https://doi.org/10.1016/j.mehy.2020.109876
https://doi.org/10.1016/j.mehy.2020.109876
https://doi.org/10.1021/acsnano.0c04006
https://doi.org/10.1021/acsnano.0c04006
https://doi.org/10.1021/acsnano.0c03697
https://doi.org/10.1002/ptr.1485
https://doi.org/10.1111/j.1440-1681.2006.04415.x
https://doi.org/10.4103/2225-4110.124335
https://doi.org/10.1016/0378-8741(95)90037-3
https://doi.org/10.3390/plants9060800
https://doi.org/10.3390/plants9060800
http://www.cdc.gov/about/history/sars/timeline.htm
https://doi.org/10.1016/s0140-6736(03)13615-x
https://doi.org/10.1016/s0140-6736(03)13615-x
https://doi.org/10.1016/j.jcv.2004.03.003
https://doi.org/10.1016/s0923-2516(89)80089-5
https://doi.org/10.1021/np50023a009


33. Wu CY, Jan JT, Ma SH, et al. Small molecules targeting severe acute respiratory syndrome human coronavirus.
Proc Natl Acad Sci U S A 2004;101(27):10012e7. https://doi.org/10.1073/pnas.0403596101.

34. Yang Y, Islam MS, Wang J, Li Y, Chen X. Traditional Chinese medicine in the treatment of patients infected with
2019-new coronavirus (SARS-CoV-2): a review and perspective. Int J Biol Sci 2020;16(10):1708e17. https://
doi.org/10.7150/ijbs.45538.

35. Roy M, Datta A. Phytochemicals as bioenhancers. In: Cancer genetics and therapeutics. Singapore: Springer; 2019.
36. Crowley P, Martini L. Optimising drug delivery: the challenges and opportunities. On Drug Deliv 2015:4e11.
37. Shoji Y, Nakashima H. Nutraceutics and delivery systems. J Drug Target 2004;12(6):385e91. https://doi.org/

10.1080/10611860400003817.
38. Ajazuddin SS. Applications of novel drug delivery system for herbal formulations. Fitoterapia 2010;81(7):680e9.

https://doi.org/10.1016/j.fitote.2010.05.001.
39. Wang S, Su R, Nie S, et al. Application of nanotechnology in improving bioavailability and bioactivity of diet-

derived phytochemicals. J Nutr Biochem 2014;25(4):363e76. https://doi.org/10.1016/j.jnutbio.2013.10.002.
40. Ipar VS, Dsouza A, Devarajan PV. Enhancing curcumin oral bioavailability through nanoformulations. Eur J

Drug Metab Pharmacokinet 2019;44(4):459e80. https://doi.org/10.1007/s13318-019-00545-z.
41. Sahibzada MUK, Sadiq A, Khan S, et al. Fabrication, characterization and in vitro evaluation of silibinin nano-

particles: an attempt to enhance its oral bioavailability. Drug Des Devel Ther 2017;11:1453e64. https://doi.org/
10.2147/DDDT.S133806. Published 2017 May 15.

42. Theodosiou E, Purchartová K, Stamatis H, et al. Bioavailability of silymarin flavonolignans: drug formulations
and biotransformation. Phytochemistry Rev 2014;13:1e18. https://doi.org/10.1007/s11101-013-9285-5.

43. Mehendale R, Joshi M, Patravale VB. Nanomedicines for treatment of viral diseases. Crit Rev Ther Drug Carrier
Syst 2013;30(1):1e49. https://doi.org/10.1615/critrevtherdrugcarriersyst.2013005469.

44. de Wit E, van Doremalen N, Falzarano D, Munster VJ. SARS and MERS: recent insights into emerging corona-
viruses. Nat Rev Microbiol 2016;14(8):523e34. https://doi.org/10.1038/nrmicro.2016.81. PMID: 27344959;
PMCID: PMC7097822.

45. Breitbarth AK, Morgan J, Jones AL. E-cigarettes-an unintended illicit drug delivery system. Drug Alcohol Depend
2018;192:98e111. https://doi.org/10.1016/j.drugalcdep.2018.07.031. PMID: 30245461.

46. Peng M, Watanabe S, Chan KWK, He Q, Zhao Y, Zhang Z, et al. Luteolin restricts dengue virus replication
through inhibition of the proprotein convertase furin. Antivir Res 2017;143:176e85.

47. Wong JP, Christopher ME, Viswanathan S, Schnell G, Dai X, Van Loon D, et al. Aerosol and nasal delivery of
vaccines and antiviral drugs against seasonal and pandemic influenza. Expert Rev Respir Med 2010;4(2):171e7.
https://doi.org/10.1586/ers.10.15. PMID: 20406083.

48. Remacle AG, Gawlik K, Golubkov VS, Cadwell GW, Liddington RC, Cieplak P, et al. Selective and potent Furin
inhibitors protect cells from anthrax without significant toxicity. Int J Biochem Cell Biol 2010;42:987e95.

49. Khailany RA, Safdar M, Ozaslan M. Genomic characterization of a novel SARS-CoV-2. Gene Rep 2020;19:100682.
https://doi.org/10.1016/j.genrep.2020.100682. PMID: 32300673; PMCID: PMC7161481.

50. Chen H, Lao Z, Xu J, Li Z, Long H, Li D, et al. Antiviral activity of lycorine against Zika virus in vivo and in vitro.
Virol 2020;546:88e97.

51. E.D. Poggio, R.L. McClelland, K.N. Blank, S. Hansen, S. Bansal, A.S. Bomback, et al. Kidney precision medicine
project. Systematic review and meta-analysis of native kidney biopsy Complications. Clin J Am Soc Nephrol
2020;15(11):1595e1602. doi:10.2215/CJN.04710420. Erratum in: Clin J Am Soc Nephrol 2021;16(2):293. PMID:
33060160; PMCID: PMC7646247.

52. Eden A, Gashi T, Bergman I, Kompaniets D, Shiran A. COVID-19: how to use a jet nebulizer for drug adminis-
tration in ventilated patients without putting the Healthcare workers at risk. Biomed Hub 2020;5(2):1564e7.
https://doi.org/10.1159/000508845. Published 2020 Jun 2.

53. Weber AG, Chau AS, Egeblad M, Barnes BJ, Janowitz T. Nebulized in-line endotracheal dornase alfa and albu-
terol administered to mechanically ventilated COVID-19 patients: a case series. MedRxiv 2020. https://doi.org/
10.1101/2020.05.13.20087734.

54. Musthaba SM, Ahmad S, Ahuja A, Ali J, Baboota S. Nano approaches to enhance pharmacokinetic and pharma-
codynamic activity of plant origin drugs. Curr Nanosci 2009;5(3):344e52.

55. Usachev EV, Pyankov OV, Usacheva OV, Agranovski IE. Antiviral activity of tea tree and eucalyptus oil aerosol
and vapour. J Aerosol Sci May 1, 2013;59:22e30.

19. Nebulizer spray delivery of phytopharmaceutical nanosuspension via oral and nasal route456

III. Nanoparticles in health care

https://doi.org/10.1073/pnas.0403596101
https://doi.org/10.7150/ijbs.45538
https://doi.org/10.7150/ijbs.45538
https://doi.org/10.1080/10611860400003817
https://doi.org/10.1080/10611860400003817
https://doi.org/10.1016/j.fitote.2010.05.001
https://doi.org/10.1016/j.jnutbio.2013.10.002
https://doi.org/10.1007/s13318-019-00545-z
https://doi.org/10.2147/DDDT.S133806
https://doi.org/10.2147/DDDT.S133806
https://doi.org/10.1007/s11101-013-9285-5
https://doi.org/10.1615/critrevtherdrugcarriersyst.2013005469
https://doi.org/10.1038/nrmicro.2016.81
https://doi.org/10.1016/j.drugalcdep.2018.07.031
https://doi.org/10.1586/ers.10.15
https://doi.org/10.1016/j.genrep.2020.100682
https://doi.org/10.1159/000508845
https://doi.org/10.1101/2020.05.13.20087734
https://doi.org/10.1101/2020.05.13.20087734


56. Zhou QT, Leung SS, Tang P, Parumasivam T, Loh ZH, Chan HK. Inhaled formulations and pulmonary drug
delivery systems for respiratory infections. Adv Drug Deliv Rev 2015;85:83e99. https://doi.org/10.1016/
j.addr.2014.10.022.

57. Chimenti L, Camprubí-Rimblas M, Guillamat-Prats R, et al. Nebulized heparin attenuates pulmonary coagulop-
athy and inflammation through alveolar macrophages in a rat model of acute lung injury. Thromb Haemost
2017;117(11):2125e34. https://doi.org/10.1160/TH17-05-0347.

58. Tuinman PR, Dixon B, Levi M, Juffermans NP, Schultz MJ. Nebulized anticoagulants for acute lung injuryea
systematic review of preclinical and clinical investigations. Crit Care 2012;16(2):R70. https://doi.org/10.1186/
cc11325. Published 2012 Dec 12.

59. Cornet AD, Hofstra JJ, Vlaar AP, et al. Nebulized anticoagulants limit coagulopathy but not inflammation in
Pseudomonas aeruginosa-induced pneumonia in rats. Shock 2011;36(4):417e23. https://doi.org/10.1097/
SHK.0b013e31822bcef0.

60. Jacob S, Nair AB, Shah J. Emerging role of nanosuspensions in drug delivery systems. Biomater Res 2020;24:3.
https://doi.org/10.1186/s40824-020-0184-8. Published 2020 Jan 15.

61. Li HY, Seville PC, Williamson IJ, Birchall JC. Dispersibility of spray-dried formulations for pulmonary drug de-
livery. J Pharm Pharmacol 2004;56(S1):S10.

62. Mishra B, Sahoo J, Dixit PK. Formulation and process optimization of naproxen nanosuspensions stabilized by
hydroxypropyl methylcellulose. Carbohydr Polym 2015;127:300.

63. Itoh K, Pongpeerapat A, Tozuka Y, Oguchi T, Yamamoto K. Nanoparticle formation of poorly water-soluble
drugs from ternary ground mixtures with PVP and SDS. Chem Pharm Bull (Tokyo) 2003;51(2):171e4. https://
doi.org/10.1248/cpb.51.171.

64. Liedtke S, Wissing S, Müller RH, Mäder K. Influence of high-pressure homogenization equipment on nanodis-
persions characteristics. Int J Pharm 2000;196(2):183e5.

65. Tran TTD, Tran PHL, Nguyen MNU, Tran KTM, Pham MN, Tran PC, et al. Amorphous isradipine nanosuspen-
sion by the sonoprecipitation method. Int J Pharm 2014;474(1e2):146e50.

66. Wongmekiat A, Tozuka Y, Oguchi T, Yamamoto K. Formation of fine drug particles by cogrinding with cyclo-
dextrins. I the use of b-cyclodextrin anhydrate and hydrate. Pharm Res (N Y) 2002;19(12):1867e72.

67. Watanabe T, Ohno I, Wakiyama N, Kusai A, Senna M. Stabilization of amorphous indomethacin by co-grinding
in a ternary mixture. Int J Pharm 2002;241(1):103e11.

68. Müller BW, Müller RH. Particle size analysis of latex suspensions and microemulsions by photon correlation
spectroscopy. J Pharmacol Sci 1984;73(7):915e8. https://doi.org/10.1002/jps.2600730713.

69. Müller RH, Benita S, Bohm B, editors. Emulsions and nanosuspensions for the formulation of poorly soluble drugs. CRC
Press; 1998.

70. Muller RH, Grau MJ. Increase of dissolution rate and solubility of poorly water soluble drugs as nanosuspension.
In: Proc World Meeting APGI/APV, Paris. 2; 1998. p. 62e624.

71. Jacobs C, Müller RH. Production and characterization of a budesonide nanosuspension for pulmonary admin-
istration. Pharm Res (N Y) 2002;19(2):189e94. https://doi.org/10.1023/a:1014276917363.

72. Patravale VB, Date AA, Kulkarni RM. Nanosuspensions: a promising drug delivery strategy. J Pharm Pharmacol
2004;56(7):827e40. https://doi.org/10.1211/0022357023691. PMID: 15233860.

73. Djupesland PG. Nasal drug delivery devices: characteristics and performance in a clinical perspective-a review.
Drug Deliv Transl Res 2013;3(1):42e62. https://doi.org/10.1007/s13346-012-0108-9.

74. Suman JD, Laube BL, Dalby R. Comparison of nasal deposition and clearance of aerosol generated by a nebulizer
and an aqueous spray pump. Pharmaceut Res October 1, 1999;16(10):1648.

75. Rossi I, Sonvico F, McConville JT, Rossi F, Fröhlich E, Zellnitz S, et al. Nebulized coenzyme Q10 nanosuspen-
sions: a versatile approach for pulmonary antioxidant therapy. Eur J Pharmaceut Sci 2018;113:159e170.

76. Malamatari M, Somavarapu S, Taylor KM, Buckton G. Solidification of nanosuspensions for the production of
solid oral dosage forms and inhalable dry powders. Expert Opin Drug Deliv 2016;13(3):435e50.

77. Kohno S, Otsubo T, Tanaka E, Maruyama K, Hara K. Amphotericin B encapsulated in polyethylene glycol-
immunoliposomes for infectious diseases. Adv Drug Deliv Rev 1997;24(2e3):325e9.

78. Jain KK, Jain KK. The handbook of nanomedicine. NJ: Humana Press; 2008.

References 457

III. Nanoparticles in health care

https://doi.org/10.1016/j.addr.2014.10.022
https://doi.org/10.1016/j.addr.2014.10.022
https://doi.org/10.1160/TH17-05-0347
https://doi.org/10.1186/cc11325
https://doi.org/10.1186/cc11325
https://doi.org/10.1097/SHK.0b013e31822bcef0
https://doi.org/10.1097/SHK.0b013e31822bcef0
https://doi.org/10.1186/s40824-020-0184-8
https://doi.org/10.1248/cpb.51.171
https://doi.org/10.1248/cpb.51.171
https://doi.org/10.1002/jps.2600730713
https://doi.org/10.1023/a:1014276917363
https://doi.org/10.1211/0022357023691
https://doi.org/10.1007/s13346-012-0108-9


This page intentionally left blank



Biomedical applications of
nanomaterials

P A R T I V



This page intentionally left blank



20

Bio-nanomaterials and their
applications

Mohd Talha1, 2, y, Nishit Pathak3, y,
Sanjib Bhattacharyya3 and Yuanhua Lin1, 2

1School of New Energy and Materials, Southwest Petroleum University, Chengdu, Sichuan,
China; 2State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Southwest
Petroleum University, Chengdu, Sichuan, China; 3Department of Pharmaceutical Science and

Chinese Traditional Medicine, Southwest University, Chongqing, China

1. Introduction

Nanomaterials offer ample opportunities to overcome the limitations of conventional bio-
materials. The performance of conventionally used biomaterials could significantly enhanced
by using of nanoparticles, nanostructured surfaces, and nano-composites.1,2 Nanomaterials
have substantial different physicochemical properties as compare to bulk materials. Several
properties of nanomaterials, viz., shape, size, chemical composition, structure of surface
and charge, solubility, and aggregation can highly influence their interactions with biological
milieu.3 For instance, single-walled carbon nanotubes (CNTs) having diameters equivalent to
the thickness of DNA molecules have established a remarkable potential as high-effciency
delivery transporters for biomolecules into cells.3 The other properties of nanoparticles,
such as, high surface to volume ratio, more surface energy, and activity, along with changed
wettability could also greatly influence the protein adhesion and the activities of cells.1,2

Because of nanoscale effects with higher surface area, nanomaterials have been considered
as promising tools for the progress of drug delivery, diagnostic biosensors and biomedical
imaging.3 An extensive number of the features of nanoscale materials have offered infinite
opportunities for their biomedical applications. Furthermore, nanomaterials can achieve
definite therapeutic functions that would be relatively difficult to attain using conventional
bio-materials.
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The size of nanoparticles (NPs) ranging from the protein level (a few nanometers) to
cellular level (submicron size), imitating the extracellular matrix and cell microenvironment
and classified tissue structures.1,2,4 NPs can be employed for personalized cancer care treat-
ment due to use of a size comparable to bio-macromolecules. These can also be employed in
cardiovascular treatment, where they established potentials across a number of applica-
tions.5,6 NPs act as drug carrier that can travel via the endothelium of blood vessels for longer
circulation. Additionally, certain NPs might be used as contrast agents for magnetic reso-
nance imaging (MRI) and many other bioimaging techniques. None of these tasks could be
easily accompanied by using conventional materials. After founding interdisciplinary nano-
technology potentials, it is desired that nanomaterial will syndicate with chemically and
clinically applicable fields in the next generation of medical podiums.

This chapter presents some of the recent developments of various nanomaterials in the
biomedical field. In particular, we address types of nanomaterials used in medical applica-
tions, bioionics as inspired bio-nanomaterials. Finally we focus on applications of nanomate-
rials in medical arena including nano-coatings, drug releasing ability as well as various
therapeutics by magnetic nanoparticles. Due to space constraints, we only cover a limited
content; we refer readers to more comprehensive periodicals elsewhere for each topic. The
chief emphasis of this chapter is the growth of nanomaterials and their applications in biology
and medicine.

2. Types of nanoparticles used in bio-system

Nanoparticles typically form the core of nano-biomaterials. Nano core can be used as a
suitable surface for molecular assembly could be composed of either inorganic or polymeric
materials. The role of nanomaterials in biology and medicine remains enhanced while the
complexities of nanotechnology and human physiology syndicate and fundamental under-
standing is crucial before thinking about involved applications. In this section, we describe
the types of different nanoparticles used in medicine with their specific applications.

2.1 Metallic nanoparticles

Among the various nanomaterials engaged in biomedical research, metallic NPs have
been certified to be the most useful and appropriate. Maximum inorganic NPs contain
metals, either in the form of elemental metals, viz., Au, Ag, Pt, Co, metal alloys such as
FePt, CoPt, etc., metal oxides like Fe2O3, TiO2, etc., or other metal compounds. Such nano-
particles are being revealed for their significant use in biological applications owing to their
functional properties, which can be quite different from those of other bulk materials.7,8 The
functional properties of NPs are characterized by the materials along with their size, unique
optical signature, and shape. The properties of metallic NPs have been the subject of intense
research and grow recently due to the interesting properties of their surface plasmon reso-
nance (SPR). Based on their distinctive physical, optical, and electrical properties, metallic
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NPs have established important applications in a wide spectrum of biomedical benefits for
example, drug delivery, imaging, sensing and targeting of gene.9e11 Metallic NPs are appli-
cable as markers for the optical detection of bio-molecules because of their outstanding SPR
properties. Some of these NPs also have essential therapeutic potential as antimicrobial and
antiplatelet agents.12

Gold (Au) NPs have been widely studied for biomedical applications as they display
several distinct characteristic features. Au NPs possesses distinctive electronic and optical
properties along with chemical inertness and capability to undergo surface functionalization
because of the negative charge on their surface.13 Because of exclusive electronic and optical
properties, Au NPs have gained in its use in biosensing, bioimaging and photothermal ther-
apy.14,15 These properties of Au NPs allow to get easily functionalized with organic molecules
thus achieving conjugation with ligands, antibodies or drug molecules for active or passive
drug delivery.16 Au NPs are relatively more bio-orthogonal and less toxic compare to other
metal NPs, which makes them comparatively more biocompatible and lucrative option for
expanding biological use. The synthesis of Au NPs with diameters ranging from a few to
several hundred nanometers is well accepted. Remarkably, it is probable to synthesize not
only spherical Au NPs but also other geometries such as rod-shaped particles or hollow shells
by using the proper techniques. Like Au, silver (Ag) and its compounds have also been used
for medicinal drives since its discovery. Ag NPs have exclusive physicochemical properties
like high electrical conductivity, thermal conductivity, optical properties, chemical stability,
catalytic activity, and antibacterial properties.17 These properties have directed the use of
Ag NPs in electronic, photonic, antimicrobial, and disinfectant applications.18 These have
extraordinary antimicrobial activity and thus these are chiefly used in the medical industry
for textiles, wound dressings and device coatings.

Bimetallic nanoparticles such as iron cobalt (FeeCo), iron-platinum (FeePt) and iron-
nickel (FeeNi) possess distinctive chemical and magnetic properties like chemical stability,
super paramagnetism, high Curie temperature, and high saturation magnetization along
with high X-ray absorption. These characteristics make them significant materials for the
use in treatment of hyperthermia, MRI contrast agents, biosensors, and drug delivery.19,20

FeeCo oxidize easily and their biocompatibility is debatable, hence generally coated with
a biocompatible material to overcome compatibility issue. Metal oxide nanoparticles are
also important class of nanoparticles used in biosystem. Titanium dioxide (TiO2) nanopar-
ticles have exceptional biochemical properties such as biocompatibility, chemical stability,
and optical properties which makes it an important material for use in the biomedical appli-
cations.21 It is one of the most broadly employed photo-active nanomaterials worldwide.22

There are three different forms of TiO2, viz., anatase, rutile and brookite or combination of
the three, each of which can either be exist as crystalline or amorphous. These nanomaterials
are a great deal of interest due to their notable properties such as nontoxic behavior and low
cost. Silica-based NPs such as SiO2 have also an essential role in drug delivery and biosen-
sors, due to its size, biocompatibility, surface area, low toxicity, low density, pore volume,
and adsorption capacity.23 These are also used in to diagnose and control diseases as well
as correcting genetic disorders.24 Other metal oxides such as Fe2O3, ZnO, zirconia etc. are
also used in biomedical application, e.g., ZnO is used for drug delivery and bioimaging,
magnetic Fe2O3 used in targeted drug delivery and contrast agents in MRI. Their details
are beyond the scope of this chapter.
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2.2 Carbon-based nanoparticles

One of the most broadly used carbon-based nanomaterials is CNTs because of their signif-
icant physical, chemical, and biological properties. CNTs are one-dimensional carbon
allotropes that have a large surface area with very good mechanical strength along with
ultra-light weight, outstanding chemical and thermal stability, and rich electronic properties.
Due to their exceptional physiochemical properties, researchers have explored their potential
in biological and biomedical applications.25,26 CNTs surface could be functionalized simply to
bind proteins and nucleic acids, therefore are emerging as advanced constituents in nanofor-
mulations for the delivery of therapeutic molecules.27

Graphene is another carbon-based material with many favorable areas of application
owing to its large surface area and possibility of easy functionalization, providing prospects
for drug delivery. It is a two-dimensional nanoparticle having a single layer of carbon atoms
crammed in a honeycomb crystal lattice with sp2 hybridization of carbon. This makes
graphene as the thinnest material making a constant crystal lattice without any vacancies
or structural dislocations and due to this property graphene has novel physical properties.28

Certain methods, like chemical exfoliation, yield graphene oxide (GO) rich in hydrophilic ox-
ygen containing functional groups on graphene sheets. GO may be reduced thermally or
chemically to formulate reduced graphene oxide (RGO), having fewer oxygen-containing
functional groups. In recent years, the mechanical, thermal, electrical, and chemical proper-
ties of graphene-based nanoparticles have generated strong attention to scientific community
for biomaterials which includes applications in drug and gene delivery, imaging and tissue
engineering.29 However, the use of graphene and its derivatives in the clinic has been
restricted because potential of cytotoxicity concern.

Nanodiamond particles (NDs) are a new type of semiconductor quantum dots (QDs) with
progressive applications in medicine and biotechnology. NDs have been inspected as single-
particle biomarkers for fluorescence imaging.30 The surface of diamond NDs can also be
functionalized to bind proteins and nucleic acids, permitting their use as a carrier for phar-
maceutical agents or oligonucleotides.31 Fullerenes are exclusive carbon allotropes with a
polygonal structure made up with 60 carbon atoms exclusively. Nanostructures are described
by the occurrence of various points of attachment whose surfaces may be functionalized for
tissue binding. Fullerene has good biocompatibility and display low toxicity even at compar-
atively high dosages. These can be employed as antiviral agents, antibacterial agents and
photodynamic agents for anticancer therapy.32,33

2.3 Other nanoparticles

Polymeric nanoparticles have colloidal structures composed of synthetic or semisynthetic
polymers. Nanoparticles of polymers, viz., polysaccharide chitosan, polylactic acid (PLA),
polylactic coglycolic acid (PLGA), and poly-caprolactone have been used as drug carriers.34,35

The drug is dissolved, attached, entrapped or encapsulated to a polymeric nanoparticle
matrix. Hydroxy apatite NPs have been used extensively in medicine and dentistry. It has
similar composition with bone and teeth which make it a biocompatible material for the
physiological process and present as the chief composition of mineralized tissues of the
human body.36 Liposome is a novel nanostructure for the encapsulation and delivery of
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bioactive agents. These are nanoparticles embracing a lipid bilayer membrane surrounding
an aqueous interior. Nanoliposome technology deals exciting chances for food technologists
in fields including encapsulation and controlled release of food ingredients, also enhanced
bioavailability and stability of sensitive materials. The amphiphilic liposome molecules
used for the preparation of these molecules have resemblances between the biologic
membranes and so have been used for improving the safety and efficacy of new drugs.37

3. Bionics as an inspired bio-nanomaterial

Bionics also define by the terms biomimetics, biomimicry, or biogenesis to solve the prob-
lem of structure, size, and composition of materials in the scientific field including medicine,
electronics, chemistry, and material science, through the mimicking biological processes by
the engineering nanostructures. By implementation of bottom-up technique to reboot the con-
cepts and principals to create new material, device and system by enhancing the function and
properties of bio-nanomaterials by biomimetic design with potential for an extensive range of
applications (sensitive biosensing, detoxification of environmental pollutants, patient tailored
therapeutics, etc.).38 Biogenic material has its origin long time ago, since Leonardo da vinci
working on his ships and flying machine, Wright brothers designed plane wing inspired
with birds while, Joseph Paxton crystal palace design used the structure of lily pad. But bi-
onics gets officially its name and definition in the 1960 by Jack E. Steele after being formed
as a portmanteau from biology and electronics.39 Biological materials, providing application
platforms with complex nano-architectures, are highly functional elements on soft and hard
tissues to the macroscale, microscale and nanoscale level with numerous different molecular
level of self-assembly, templating, and recognitions motif.40 Bionics serves as nanoscale bio-
mimics with enhanced properties and functionalities, that is, arranging molecules at the
nanoscale via self-assembly. It is possible to combine individual lipids, proteins and DNA
units, with their robust synthetic materials known for their sophisticated structure and
activity, for example, polymers, porous silica surfaces.41

In the various disease inflammations, we can diagnose the disease through inflammation
targeting biomimetic nanoparticles.42,43 Synthetic nanoparticle modified with chorioallantoic
membrane, selectins, polymersomes, liposomes, dendrines, hydrogels etc. used as an inflam-
mation targeting biomimetic nanoparticles by targeting cell surface proteins and cell mem-
brane proteins, leukocytes, blood platelets and cancer cells.44 ZnO and TiO2 nanoparticles
are typically used in cosmetics to white the skin and as sunscreens due to their well
dispersed nature and transmit the visible lights.45 Ref. [46] demonstrate in-vitro the interac-
tions of HIV 1 with Ag NPs. HIV one bind to the sulfur binding residues of glycoprotein
knob of host cell. The AgNPs were designed to bind to the same site in the host cell where
HIV one compete for tethering and inhibit the binding of HIV one virus. GO/chitosan scaf-
folds and octacalcium phosphate provide a suitable environment for the enhancement of
bone formation due to adorability of bone morphogenetic protein-2 encapsulated with
bovine serum albumin NPs and silver NPs and also show the antibacterial properties, cell
adhesion and growth.47 Lanthanide-doped synthetic nanoparticles coated with monolayers
of phospholipids with different functional groups are used as a versatile bioprobe in the
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various fields.48 Bio-inspired nanomaterials and techniques is a promising and interdisci-
plinary approach to the future development of biomimetics, molecular biology, and
advanced materials science.

4. Applications of nanomaterials in biology

Nanoparticles have number of applications in the field of medicine. Some applications are
shown in Fig. 20.1. Among them some are discussed below:

4.1 Nano-coatings of biomaterials: a smart approach

Currently, nanotechnology is one of the substantial topics in biomaterials research and the
generation of a nanostructured surface on biomaterials is a very useful approach to tailor
the corrosion resistance, mechanical, and biological properties of the implanted materials.
The surface is not only a barrier to resist corrosion and wear, but also serve as a reservoir
for loading cargoes carrying drugs, genes, and related nanocarriers. This fascinating strategy
establishes a new trend in growth of biomaterials and other medical applications. Several
types of bulk materials possess exceptional mechanical properties but may not be compatible
with biological tissues and fluids when used in vivo. After surface alteration, properties such
as cytocompatibility, osseointegration, and antibacterial traits can be attained selectively and
in control manner while the favorable bulk qualities of the materials such as strength, etc., can
be unaltered.49 Modification of surface can improve the stability and at the same time bestow
the biomaterials with special functions, including specific cell targeting, in vivo imaging for
diagnosis, stimuli-responsive release, drug delivery monitoring, and photo-thermal treat-
ment.50 When a surface comprises micro and nano-scale topographies in a controlled fashion,
the cellular and subcellular functions are modified considerably.51 In nano-topography, we
can experience the interaction between nano surface and cellular factors in the cells at molec-
ular levels. There are lots of cellular function that influence the biological factors like cellular
adhesion, kinetic, extracellular matrix-proteins, minerals, migration, deposition, differentia-
tion, proliferation, and changes in gene expression that are easy to measure and experienced

FIGURE 20.1 Applications of nanoparticles in medicine.
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at topographical level.52 Nano-topography changes the morphological responses of cell
through nuclear deformation, actin and filament contractility, varying focal adhesion size,
composition, and orientation of cells.53 It is desirable to make drug-eluting implants to
deliver drugs locally as a sustained release to improve osseointegration and reduce the heal-
ing time after implantation. For instance, nanotubes with a large surface area-to-volume ratio
and manageable dimensions are noble candidates for antibacterial agents and carrying and
delivering drugs.54

Ref. [55] reported that nanosurface roughness have positive influence on activity of cell
introduced by acid-etching titanium surface at rat bone-marrow derived osteoblast.
Ref. [56] reported micro-nanotopography on the selective melting measure surface, by incor-
porating the Zn with surface TiO2 coating by microarc oxidation and subsequent hydrother-
mal treatment modification of titanium significantly enhance the osteogenesis and
antibacterial ability. Ref. [57] demonstrated by in vitro assays and in vivo experiments that
the 55 nm nanorod arrays reduced macrophage fusion and formation of Foreign body giant
cells (FBGCs) offers a unique means of nanotopography to override biochemical signals and
to attenuate fusion by selective mechanosensitivity of biomaterials to limit FBR-associated
cell-cell fusion. Graphene-based materials (GBMs), gained substantial interest as nano-
topography biomaterials for the coating application and tissue engineering, as discussed
above. Due to significant physicochemical properties GBMs, GO and reduced RGO influence
cell response, protein, or biomolecular interaction.

4.2 Effective drug release by nanoparticles

Nanotechnology can be utilized to design and develop platform for the drug delivery sys-
tem to target the particular site. It is also a powerful in vivo technique for the image process-
ing, and controlled release of drug.58,59 In advance cure of tumors and other biological stimuli
biometric nanoparticles play a crucial role.58 The Food and Drug Administration (FDA)
approved some biocompatible nanomaterials such as liposomes, silica NPs, micelles,
polymers like polyethylene glycol, PLGA, and redox-sensitive nanocarriers for the drug
release after the clinical trial.60

In the chemotherapy, stimuli responsive nanocarrier are active participant of drug release
specifically respond after external and internal pathological trigger, such as pH value,
enzyme, heat, and temperature.61 The pH sensitive metal ionic nanoparticles and their chem-
icals groups for the effective drug release maintain the pKa values by pH dependence, accept-
ing and donating protons. A novel pH-sensitive conjugate nanoparticle drug delivery system
for doxorubicin (DOX) is made with biocompatible polymer. DOX was released from nano-
particles faster at pH 5.0 than pH 7.4.62 Hydrogels are one of the controlled drug release poly-
mer that show potential change in their network structure, mechanical strength, swelling
behavior, and permeability response to the different tumor stimuli.63

ZnO QDs, ZnO CaP, ZnO-folic acid QDs are new kind of multiple functional inorganic
nanomaterials for the drug delivery system with controlled drug release having high drug
loading capacities, high biocompatibility, and low cytotoxicity.64,65 The hydrophobic and hy-
drophilic amino acids are important carrier for design of peptide nanoscaffolds or nanofibers
to build robust hydrophobic or hydrophilic drug delivery platform to manage antimicrobial,
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antitumor, and antiinflammatory cure.66 Graphene/GO has been broadly scrutinized as some
of the most auspicious biomaterials for biomedicine applications due to their particular prop-
erties: chemical and mechanical stability, two-dimensional planar structure, magnificent con-
ductivity, large surface area and superb biocompatibility.67 Ref. [68] designed nanovesicles,
to release the anticancer drug gemcitabine, at the tumor site which overexpress the gluta-
thione and matrix metalloproteinase proteolytic enzyme. Matrix metalloproteinase proteo-
lytic enzyme and glutathione are over expressed in many tumors and metastasis cancer.69

In drug delivery, nanoparticles offer improved capabilities and performances than conven-
tional therapies, suggesting alternative ways to deliver therapeutics efficiently over various
parts of the host body thereby decreasing the side effects related with excessive dosages of
highly toxic drugs. Nanoparticles and biomaterials science blend contributing richly in the
directions of chemistry and molecular biology to the selective and specific drug delivery or
to target cells with a great future applications.

4.3 Magnetic nanoparticles in various disease treatments

Magnetic NPs are widely applied in the field of molecular diagnosis and medicine.
Magnetic NPs are easy to prepares and have the unique magnetic properties including nickel,
cobalt, iron, silver, gold, and platinum with their metal alloys and metal oxides.70 Iron oxides
and ferrites are commonly used magnetic NPs for diagnose the various disease as demon-
strated in Fig. 20.2.71 The size of 20 nm magnetic NPs shows the surface effects and can carry
the high amount of DNA, RNA, proteins, compounds and drugs.72 Magnetic NPs are nonvir-
ulent, nonimmunogenic, and highly biocompatible. To diagnose all kind of tumors, iron ox-
ides (Fe2O3 and Fe3O4) and ferrites NPs are widely used because of low cytotoxicity,
biodegradability, and the ability to target the multiple receptor site using ligands, and anti-
bodies.19,71 Ref. [73] reported injecting super magnetic NPs for biomedicine in mouse to see
the migration and differentiation of stem cells to understand the mechanism of cancer devel-
opment.73 First implied magnetic field for thermotherapy using magnetic NPs against tumor

FIGURE 20.2 Typical magnetic properties and novel enzyme-like activity of iron oxide nanoparticles for
biomedical applications. Reproduced with permission from Gao L, Fan K, Yan X. Iron oxide nanozyme: a multifunctional
enzyme mimetic for biomedical application. Theranostics. 2017;7:3207e3227.
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thermotherapy was introduced by Ref. [74]. Ref. [75] designed nanoparticles core shell struc-
ture based by coating the Mn Zn ferrite NPs with PEG lipid, to diagnose the liver metastasis.

Bifunctional magnetic nanoparticles labeled with antibodies to detect the promising bio-
markers b-amyloid-40 and 42 to detect the Alzheimer disease.76 In the mouse model, the
detection of Parkinson’s and Huntingdon’s disease at the early stage can be diagnosis using
MRI by ScFv conjugated supermagnetic iron oxide nanoparticles.77 In a Nanotheranostic
approach the paramagnetic and supermagnetic nanoparticles was used for central nervous
system and neurological disorders for targeted delivery to unhealthy regions of brains.78 In
some biomedical applications, we need to use core shell MNPs to assure the biocompatibility
and stability of biomolecules.

5. Future of bio-nanomaterials

New generation of bio-nanomaterials science and engineering with many possible appli-
cations in medicine has a potential for diagnose and treatments of a variety of life-
threatening diseases through specific targeted drug-delivery systems. The benefits of using
nano biomaterials are their low toxicity and therefore highly effective. Bio-nanomaterials
are playing a crucial role in the field of genetic, molecular biology, cell biology, tissue engi-
neering, and bioimplants, using different kinds of nanoparticles for the development of nano-
drugs to target specific site and gene delivery as discussed in this chapter. Many researchers
are focused on to developed enhanced and highly durable multifunctional nanoscale-sized
platform for the targeted and drug delivery system. Nanoparticle probes include fluorescent
biological labels, drug and gene delivery, detection of protein, bio-detection of pathogens,
probing of DNA structure, tissue engineering, tumor detection, separation and purification
of biological molecules and cells, MRI contrast enhancement and phagokinetic studies.79,80

The biologically produced nanomaterials are also commercially used for the treatment of neu-
rodegenerations, immunotherapy, cancer detection and diagnose, microbial infections, and
many other diseases.81,82 Nanoimaging techniques have improved signal sensitivity, better
spatial resolution, and capable to transmit information on biological systems at molecular
and cellular levels.83 The importance of this research area lies in the progress of an advanced
technology that will effect nanoscale approaches designed to probe molecular mechanisms in
living cells and molecular imaging.83 In the field of nano-medicine, the engineered bio-
nanomaterials contribute to in vitro and in vivo application for the cellular level to identify
the cancer-specific cells and site to deliver the drugs.84

Nanoswimmers and nanobots are the future of drug delivery and might be convenient in
deliver genes to target tissues at very high adaptability if they carry desired DNA, RNA
segments, protein and peptide. These future nanoswimmers and nanobots is perhaps an
explanation to some old therapeutic problems in biology and medicine with alluring, less sui-
cidal and more adequate materials. Nanotechnology or its system at the molecular level
brings about an all-rounder option, therefore contribute not only for the advancement to cur-
rent techniques, and rather provide exclusively new appliance and competence. Despite the
many aspects regarding the biological potential of nanosystems have been clarified, still there
are many concerns prevail regarding the application of metal-based nanoparticles for clinical
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purpose. The disadvantage of the nano-systems can be overcome by using more biorthogonal
polymers and encapsulating surfactants to cross tissue barrier by improving the biocompat-
ibility of the nanosystems. However, active association among researchers and nanotechnol-
ogists can pave the strong development to achieve clinical revolution.

6. Conclusions

The advancements of nanomaterials have been pushed to an exciting research in the field
of biomedicine because of their unique properties. The significant basis of using nanomateri-
als is their large surface area, distinct optical properties, and excellent biocompatibility. In this
chapter, we have offered progress in various nanomaterials used in medicine including as
well as application of nanomaterials in various disease treatments and effective drug deliv-
ery. It can be expected that almost all issues will be resolved with the continuing efforts in
regard of treating diseases and improved quality of implanted materials. Nanotechnology
is already became an essential part of the medical and clinical applications.
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1. Introduction

Antibiotic resistance among pathogenic bacteria is one of the serious threats faced by hu-
manity worldwide. The world health organization (WHO) has started several effective ac-
tions to contain antibiotic resistance among bacteria such as the Global antimicrobial
resistance surveillance system (GLASS), the Global antibiotic research and development part-
nership (GARDP), and the Interagency coordination group on antimicrobial resistance
(IACG).1 Bacteria are acquiring resistance to most of the currently used antibiotics, including
the last resort antibiotics mainly due to overuse or misuse. Many countries have banned the
use of antibiotics in various areas to reduce the development of multi drug resistant bacteria.
New technologies should be implemented to curb the emergence of life-threatening
antibiotic-resistant bacteria. In this context, bio-nanotechnology emerges as a promising
one to fight against antibiotic-resistant bacteria.

Nanoparticles (NPs) are reported to posses excellent antibacterial properties, hence consid-
ered as a promising alternative to antibiotics and can be used as a drug delivery system,
which may reduce the overuse of antibiotics.2 Nanoparticles coupled with antibiotics act
mainly at the site of infection, thus increasing the concentration of antibiotics at the site of
bacterium-antibiotic interaction. NP conjugated antibiotics have a lower minimum inhibitory
concentration (MIC) compared to the nonconjugated antibiotic against bacteria.3 Nanopar-
ticles accelerate the effects of commonly used antibiotics by blocking the bacterial efflux
pumps.4 NPs possess a complex antimicrobial mechanism of action and reduce the chance
of the development of resistant strains.5
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2. Antibiotic resistance

World Health Organization (WHO) has described antibiotic resistance as one of the greatest
threats to human health.6 Misuse or overuse of antibiotics creates selection pressure leading to
the selection and multiplication of drug-resistant mutants. Bacteria are rapidly acquiring anti-
biotic resistance determinants and disseminated into different environments. The antibiotic-
resistant bacteria emerge mainly by three mechanisms (i) horizontal gene transfer events
such as conjugation, transduction, and transformation, (ii) genetic mutation, and (iii) recombi-
nation.7 Plasmids, integrons, and transposons are the major mobile genetic elements involved
in the dissemination of antibiotic resistance genes. Antibiotics are widely used in clinical med-
icine, to control diseases in aquaculture and animal production systems as well as growth pro-
moters in animal feeds at subtherapeutic level. Antibiotics released from pharmaceutical
manufacturing plants, aquaculture facilities, and animal husbandry facilities may partially
degrade and be released into aquatic environments through the release of treated or untreated
effluents from waste water treatment plants (WWTP). Clinical settings are considered as the
hotspot of antibiotic-resistant bacteria, although various other organically polluted environ-
ments could also act as reservoirs of antibiotic-resistant bacteria. These environmental resistant
strains can transfer their resistant determinants to human commensal or pathogenic bacteria,
leading to more complications in the treatment of infections caused by them.

3. Major classes of antibiotics and their mode of action

World Health Organization has categorized antibiotics into three categories based on their
importance to human medicine; (i) Critically important antimicrobials with the highest prior-
ity, (ii) Critically important antimicrobials with high priority, (iii) Highly important antimi-
crobials, (iv) Important antimicrobials.8 This categorization of antibiotics would lead to
better management of antimicrobial resistance by encouraging new research, especially
developing new ways to curb antibiotic resistance.

3.1 Cephalosporins

There are five generations of cephalosporins: (i) first generation-cephalexin, cephradine,
cefazolin, cephalothin, cephapirin, and cefadroxil; (ii) second generation-cefoxitin, cefurox-
ime, and cefotetan; (iii) cefotaxime, ceftriaxone, ceftazidime, cefixime, ceftibuten, and cefdinir
(iv) fourth generation-cefepime, and cefpirome; (v) fifth generation-ceftobiprole, and ceftaro-
line. Third, fourth, and fifth generation cephalosporin are considered as critically important
antimicrobials with the highest priority. Cephalosporins (first and second generation) and
cephamycins are included in the WHO list of highly important antimicrobials.8

Inhibition of vital processes such as cell wall synthesis, nucleic acid synthesis, protein
synthesis, and impairment of cytoplasmic membrane are the mechanisms of action of beta-
lactam antibiotics.9 Bacteria become resistant by the production of enzymes (extended-
spectrum cephalosporinases or Extended spectrum beta-lactamases - ESBLs), which are
capable of destroying the four-member beta-lactam ring of the extended-spectrum cephalo-
sporins (third generation). The ESBL enzymes are classified into several types, CTXM,
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SHV, and TEM. Bacteria-producing CTX-M enzymes are further divided into five groups
based on their amino acid identities: CTX-M1, CTX-M2, CTX-M8, CTX-M9 and CTX-M25.
CTX-M-producers are the most prevalent ESBL producers in environmental and clinical set-
tings.10 There are other ESBLs such as OXA, PER, VEB, BES, GES, SFO, TLA, and IBC, which
are minor enzymes.

3.2 Glycopeptides

Vancomycin and teicoplanin are the first-generation glycopeptides antibiotics available for
use in humans. Telavancin, dalbavancin, and oritavancin are second-generation glycopep-
tides, semisynthetic lipoglycopeptide derivatives. Vancomycin and teicoplanin are the glyco-
peptide antibiotics available for use in humans. The glycopeptide antibiotics are a group of
glycosylated cyclic or polycyclic nonribosomal peptides that inhibit Gram-positive bacterial
cell wall synthesis by binding to the bacterial D-Ala-D-Ala peptidoglycan binding site.11

Gram-negative bacilli show an intrinsic mechanism of resistance against glycopeptides, by
preventing them from entering the cell and binding to their target sites. Bacteria become resis-
tant to vancomycin by altering the structure of the peptidoglycan precursors. There are six
different molecular resistance elements (VanA, VanH, VanX, VanY, VanR, VanS) that confer
resistance to vancomycin.12

3.3 Macrolides and ketolides

The macrolides and ketolides are broad-spectrum antibiotics. Erythromycin is a first-
generation macrolide, while clarithromycin, azalide, and azithromycin are second-
generation macrolides. Macrolides are used for the treatment of respiratory infections.
Clarithromycin is a commonly prescribed antibiotic that acts by binding to the peptidyltrans-
ferase region of the 23S rRNA, inhibiting bacterial protein synthesis.13 Macrolides are charac-
terized by macrocyclic lactone14e16 rings with one or more deoxy sugars. Ketolides are
semisynthetic derivatives of macrolides, developed to inhibit the macrolide-resistant strains.
The mechanism of action of ketolide is similar to that of macrolide, with more affinity for the
unmethylated ribosome. Bacteria become resistant to macrolide and ketolide by the mecha-
nisms such as modification of the target site on bacterial ribosomes or efflux via the multi-
drug efflux pump.

3.4 Polymyxins

Polymyxins are cationic, cyclic-peptide antibiotics. Colistin (polymyxin E) and polymyxin
B are commonly used polymyxins. Polymyxins displace Mg2þ and Ca2þ ions, by the polar
and hydrophobic interaction with phosphate groups of the lipopolysaccharides of the bacte-
rial outer membrane. As a result, membrane charge neutralization occurs, leading to disrup-
tion of the bacterial outer membranes, resulting in cell death. Polymyxins also have potent
antiendotoxin activity and inhibit type II NADH-quinone oxidoreductases in the bacterial
cell membrane.14 Polymyxins are more highly active against many Gram-negative bacteria
than Gram-positive bacteria, because of the presence of phospholipids in the membrane of
Gram-negative bacteria. Resistance to polymyxin is caused primarily due to alterations of
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the negative charge of the outer membrane to prevent the binding of polymyxins. Plasmid-
borne mcr-1 is responsible for a transferable mechanism of polymyxin resistance. There are
many variants of mcr gene (a gene of the phosphoethanolamine transferase enzyme family).15

Colistin is considered the “antibiotic of last resort” for treating infections caused by
multidrug-resistant Gram-negative bacteria in humans.

3.5 Quinolones

Quinolones and fluoroquinolones are a family of broad-spectrum antibiotics, which are
commonly used in the treatment of bacterial infections. The antibiotics include ofloxacin, nor-
floxacin, ciprofloxacin, moxifloxacin, levofloxacin, nemonoxin, and nalidixic acid. Fluoroqui-
nolone antibiotics are created with the addition of a fluorine group to the quinolone moiety.
Quinolone inhibits bacterial DNA gyrase and topoisomerase IV, which is essential for nucleic
acid (DNA or RNA) synthesis and intermediary metabolism.

Quinolone resistance is mainly caused by point mutations in the quinolone resistance-
determining region (QRDR) of gyrase (gyrA and gyrB) and topoisomerase (parC and parE)
genes and followed by plasmid-mediated quinolone resistance (PMQR).15,16 PMQR determi-
nants confer low-level resistance to quinolones. PMQR is mediated by qnr genes (encodes
pentapeptide repeat protein that protects bacteria), aac(60)-Ib-cr (encodes an amino-
glycoside acetyltransferase), oqxAB, qepA1, and qepA2 genes (encodes efflux pump proteins).

3.6 Aminoglycosides

The antibiotics include streptomycin, gentamicin, kanamycin, netilmycin, tobramicin, and
amikacin. Gentamicin is the commonly used aminoglycoside. Aminoglycosides are widely
used for the treatment of septicemia, nosocomial respiratory tract infections, complicated uri-
nary tract infections (UTIs), and complicated intraabdominal infections. Gentamicin, tobra-
mycin, and amikacin are frequently prescribed antibiotics in the medical field.
Streptomycin is used for treating tuberculosis patients.17 Aminoglycosides bind irreversibly
to the 30S ribosome and inhibit protein synthesis. Aminoglycosides also interference with
the cellular electron transport system, inhibition of translation, effects DNA metabolism,
and damage cell membranes.

Acquired aminoglycoside resistance can occur through three mechanisms: (i) alterations in
membrane permeability, (ii) enzymatic modification, or (iii) alterations in the target site.
Enzymatic inactivation plays a major role in aminoglycoside resistance that is either amino-
glycoside acetyltransferases (AAC), aminoglycoside adenylyltransferases also named amino-
glycoside nucleotidyltransferases (ANT), or aminoglycoside phosphotransferases (APH).18

3.7 Ansamycins

Ansamycins are lipophilic macrocyclic antibiotics. Rifampicin, a semisynthetic derivative, is
the first line of antibiotics for the treatment of tuberculosis and leprosy. Ansamycins act on bac-
terial RNA polymerase and inhibits RNA synthesis. Rifapentin, rifamixin, rifalazil, and rifabu-
tin are the other members. Bacteria become resistant to rifamicins by any of the following
methods such as (i) duplication of the target, (ii) action of RNA polymerase binding proteins
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(RNAP), and (iii) modification of rifampicin binding site by mutation and modification of cell
permeability by overexpression of membrane-associated energy-driven efflux pumps.19,20

WHO has listed ansamycin as a critically important antimicrobial with high priority.8

3.8 Carbapenems

Imipenem, imipenem-cilastatin, meropenem, ertapenem, doripenem, panipenem-
betamipron, and biapenem are the currently available carbapenems. Carbapenems such as
imipenem/cilastatin, meropenem, doripenem, and ertapenem possess a broad spectrum of ac-
tivity and are commonly used for treating infections caused by multi drug resistant (MDR)
bacteria, especially ESBL-resistant pathogens.21 The properties of carbapenems include small
size, ability to form zwitter ion, and high affinity for penicillin-binding proteins. Penicillin-
binding proteins (PBPs) also function as transpeptidase enzymes, needed for the synthesis
of peptidoglycan. Acylated D-alanyl-D-alanine is the terminal amino acid residue of the pepti-
doglycan and arbapenems are structurally similar to it. Because of this similarity carbapenem
binds to the active site of the PBPs, resulting in the inhibition of transpeptidation of the pepti-
doglycan layer and disrupting the cell wall synthesis. This leads to autolysis and cell death.22

Bacteria become resistant to carbapenems by various mechanisms such as (i) modification
of porin expression or alterations in the porin-encoding gene, there bacteria blocking the en-
try of carbapenems into the cell, (ii) overproduction of efflux pump (overexpression of efflux
pumps genes), (iii) production of carbapenemases. There are three classes of carbapenemases
namely class A, B, and D. blaKPC, blaIMI, blaGES, blaNDM, and blaOXA-48, are the genes
involved in carbapenem resistance. Carbapenem resistance in Enterobacteriaceae is mainly
mediated by NDM-1 and OXA-48.23

3.9 Amphenicols

Chloramphenicol, florfenicol, and thiamphenicol are the members of this group. Thiam-
phenicol and florfenicol are synthetic derivatives of chloramphenicol.23 Mechanism of action
of chloramphenicol is by the inhibition of protein synthesis (binds to the 50S ribosomal sub-
unit and inhibits the peptidyltransferase step). Bacteria acquire resistance against chloram-
phenicol either by enzymatic inactivation of the drug or nonenzymatically through drug
efflux. Chloramphenicol resistance mechanism in Gram-negative bacteria is by plasmid-
mediated production of chloramphenicol acetyltransferase.24

3.10 Sulfonamides, dihydrofolate reductase inhibitors, and combinations

Sulfonamides are mainly used in human and veterinary medicine. Sulfamethoxazole in
combination with trimethoprim (cotrimoxazole) remains an antibiotic alternative in the treat-
ment of several infectious diseases including urinary tract infections.25 Sulfonamides compete
with the structural analog p-aminobenzoic acid for binding to dihydropteroate synthase
(DHPS), a catalytic enzyme in the folic acid biosynthesis pathway, thus inhibiting the forma-
tion of dihydrofolic acid. Sulphonamides inhibit the formation of dihydrofolic acid by
competing with the structural analog p-aminobenzoic acid for binding to dihydropteroate
synthase (DHPS), a catalytic enzyme in the folic acid biosynthesis pathway.26 Sulfonamide
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resistance can result from the acquisition of an alternative DHPS gene (sul1, sul2, or sul3
genes), encoding forms of the target dihydropteroate synthase) or mutations in the chromo-
somal DHPS gene (folP).25,27 The sul1 gene is a part of the 30-conserved segment (30-CS) of
class 1 integrons, which are the most frequently detected integrons in gram-negative bacteria.

Trimethoprim inhibits the enzyme dihydrofolate reductase (DHFR) and thereby blocking
the synthesis of amino acids and nucleotides.28 Bacteria acquire resistance by several mech-
anisms; (i) development of permeability barriers, (ii) efflux pumps, (iii) mutational and regu-
lation changes in target enzymes, and (iv) acquirement of drug-resistant target enzymes.29

3.11 Tetracyclines

First-generation tetracyclines include tetracycline, chlortetracycline, and oxytetracycline;
and the second-generation ones include minocycline and doxycycline, which are commonly
used in the treatment of human and animal infections. Tetracycline inhibits protein synthesis
by preventing the binding of aminoacyl-tRNA to the ribosomal acceptor site. Tetracyclines
are listed as highly important antimicrobials by WHO, whereas glycylcyclines (third-
generation tetracyclines) are listed as critically important antimicrobials with high priority.8

Glycylcyclines (tigecycline) were developed to overcome problems of resistance to tetracy-
cline.30 Tetracycline efflux pumps (six groups based on amino acid sequence) are the leading
tetracycline resistance mechanism. tet(A), tet(B), tet(C), tet(D), and tet(E) are the genes associ-
ated with an efflux mechanism.31

3.12 Nitrofurantoins

Nitrofurantoins are broad-spectrum antibiotics used for the treatment of urinary tract in-
fections.32 It belongs to the nitrofuran group, containing one or more nitro groups on a nitro-
aromatic or nitro heterocyclic background. Nitrofurantoins interfere with enzymes involved
in the synthesis of DNA, RNA, and protein, which leads to cell death. Bacteria acquire nitro-
furantoin resistance by mutations in nfsA or nfsB, both of which are encoding oxygen-
insensitive nitroreductase.33

4. Major antibiotic-resistant bacterial species (WHO priority pathogens list)

World health organization has categorized antibiotic-resistant bacteria into three cate-
gories according to the urgency of the need for new research and development: critical,
high, and medium priority.34 The most critical group of multidrug-resistant bacteria that
pose a particular threat includes Acinetobacter, Pseudomonas, and various members of the fam-
ily Enterobacteriaceae (including Klebsiella, E. coli, Enterobacter, Serratia, Proteus, Providencia,
and Morganella).34 These bacteria have acquired resistance to different antibiotics, including
last-resort antibiotics such as carbapenems and third-generation cephalosporins. The high-
priority categories include Enterococcus faecium, Staphylococcus aureus, Helicobacter pylori,
Campylobacter, Salmonellae, and Neisseria gonorrhoeae. Streptococcus pneumoniae, Haemophilus
influenzae, and Shigella are included under the medium priority category.34
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4.1 Acinetobacter spp.

Acinetobacter spp. is Gram-negative aerobes. Acinetobacter baumannii is the most clinically
important pathogen associated with a high level of mortality. A. baumannii causes several dis-
eases including blood stream infections, pneumonia, wound infections, urinary tract infec-
tions, and skin infections. A. baumannii has a longer survival rate in the nosocomial
environment such as objects associated with patients and medical staff. The patient-to-patient
cross-transmission of A. baumanniiwas also reported.35 A baumannii is intrinsically resistant to
many classes of antibiotics, and carbapenem is the drug commonly used to treat infections. At
present, carbapenem-resistant A. baumannii is the leading cause of concern.36 Hence
carbapenem-resistant A. baumannii is included in the WHO priority pathogens list of
antibiotic-resistant bacteria as a critical priority for research and development of new and
effective antibiotic treatments.34 Colistin is used for the treatment of carbapenem-resistant
bacteria and colistin and carbapenem-resistant A. baumannii is a growing problem in clinical
settings.37

4.2 Pseudomonas aeruginosa

Pseudomonas aeruginosa is Gram-negative aerobic bacilli belonging to the family Pseudomo-
nadaceae. P aeruginosa is the leading cause of nosocomial infections, including pneumonia
(hospital-acquired pneumonia, ventilator-associated pneumonia), urinary tract infections,
wound infections, bacteremia, folliculitis, keratitis, endophthalmitis, otitis, enterocol-itis,
and osteomyelitis or meningitis. It is mainly affecting immune-compromised patients, pa-
tients undergoing treatment for various diseases, or patients admitted to critical care units.38

Type III secretion system is the virulence mechanism effected by P. aeruginosa. This secre-
tion system injects potent cytotoxins, including ExoS, ExoT, ExoU, or ExoY into host cells
which may result in subsequent cell death and tissue necrosis. ExoU is a major virulence fac-
tor of clinical importance. ExoU-producing strains are known as hypervirulent and associated
with more severe clinical symptoms.39 A wide range of antibiotics including aminoglyco-
sides, cephalosporins, fluoroquinolones, monobactams, phosphonic acids, carbapenem, and
polymyxins are frequently used to treat P. aeruginosa infections. The misuse or overuse of
these antibiotics has resulted in the development and dissemination of extremely drug-
resistant P. aeruginosa. Carbapenem-resistant P. aeruginosa is listed in the WHO critical group
of multidrug-resistant bacteria.34

4.3 Enterobacteriaceae

4.3.1 Escherichia coli

Escherichia coli are usually a commensal, but some strains are emerging as a pathogen.
Some strains Escherichia coli cause intestinal and extra-intestinal infections in humans and an-
imals. According to Nataro and Kaper, there are six classes of Escherichia coli such as entero-
pathogenic E. coli (EPEC), shiga toxin-producing E. coli (STEC) or verocytotoxin-producing
E. coli (VTEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), enteroaggregative
E. coli (EAEC), and diffusely adhering E. coli (DAEC).40 The extraintestinal pathogenic E. colii
(EXPEC) are more prevalent strains associated with urinary tract infections (UPEC), neonatal

4. Major antibiotic-resistant bacterial species (WHO priority pathogens list) 481

IV. Biomedical applications of nanomaterials



meningitis (MAEC), and bacteremia. Enterotoxigenic E. coli (ETEC) strains are the leading
causes of diarrhea in children living in developing countries and the most common cause
of traveler’s diarrhea. Shiga toxin-producing E. coli (STEC), also called enterohemorrhagic
E. coli (EHEC), causes hemorrhagic colitis (HC) or hemolytic uremic syndrome (HUS), which
is the main cause of acute renal failure in children.41 Extended-spectrum beta-Lactamase, car-
bapenem, and clostin-resistant E. coli are causing major problems worldwide.

4.3.2 Klebsiella pneumonia

Klebsiella pneumonia is a Gram-negative rod, that causes both communities acquired and
hospital-acquired infections including pneumonia, urinary tract, intraabdominal infections,
liver abscesses, and septicemia. Hospital-acquired pneumonias (HAPs) are more prevalent
than community-acquired pneumonias (CAPs). Long-term acute-care hospitals are the
breeding ground for hospital-acquired pneumonia.42 K. pneumonia is present in soil and wa-
ter, also can colonize the human intestinal tract, and then invades into internal organs such as
the lungs and liver and causes severe infections. K. pneumonia can survive in medical equip-
ment or implants and enters human tissues. K. pneumonia gets an entry into lungs and urinary
tract through endotracheal intubation and catheter, respectively. The presence of type IV
pilus encoded by an integrated conjugative element facilitates the adhering capacity and hor-
izontal gene transfer of these strains. K. pneumonia mainly infects immune-compromised
groups including the elderly and neonates, but the rapid emergence of hypervirulent and/
or multidrug-resistant strains affects healthy individuals.42 Carbapenem-resistant Klebsiella
pneumonia (KPC) infections have high mortality rate up to 44%.43,44

4.3.3 Enterobacter spp.

Bacteria belonging to the Enterobacter genus are gram-negative bacilli. The major species
are Enterobacter cloacae, E. aerogenes, and E. agglomerans. E. cloacae and E. aerogenes are oppor-
tunistic pathogens, frequently associated with multidrug-resistance. Infections due to
E. sakazakii and E. agglomerans are much less common than those caused by E. cloacae and
E. aerogenes. Enterobacter spp. cause lower respiratory infections (asymptomatic colonization
of respiratory secretions, purulent bronchitis, lung abscess, pneumonia, and empyema), skin
and soft tissues infections (cellulitis, fasciitis, abscesses, emphysema, myositis, and wound in-
fections), bloodstream and surgical site infections in intensive care facilities, intraabdominal
Infections and urinary tract infections.45 The incubation period varied from 2 h to 20 days.
Beta-lactam antibiotics are commonly used for the treatment of Enterobacter infections. The
prevalence of ESBL and carbapenem-resistant Enterobacter in clinical settings would result
in the failure of treatment.

4.3.4 Serratia spp.

Serratia spp. are Gram-negative bacillus belonging to Enterobacteriaceae family. Serratia
plymuthica, Serratia liquefaciens, Serratia rubidaea, Serratia odorifera, and Serratia fonticola are
the members of this genus. Serescens marcescens is considered as a major opportunistic bacte-
rial pathogen in this group, which causes nosocomial infections in immunocompromised or
critically cared patients, mostly in the neonatal intensive care unit. Serratia marcescens rarely
causes endophthalmitis. It also causes related to the urinary tract and wound infections.
S. marcescens also cause infections that occurred in cardiac patients.46 Third-generation
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caphalosoprins and carbapenem resistance is increasing among Serescens marcescens. ESBL
and carbapenem resistance among these strains cause serious health concerns because
S. marcescens is intrinsically resistant to colistin, which is the last-resort antibiotics to treat
serious infections caused by carbapenem-resistant bacteria.

4.3.5 Proteus, providencia, and Morganella spp.

The genus Proteus contains four species: P. mirabilis, P. vulgaris, P. penneri and
P. myxofaciens. P. mirabilis is more pathogenic than P. vulgaris. These bacteria cause urinary
tract infections and chronic renal inflammation. The route of transmission may include noso-
comial sources, such as medical devices, surfaces, and intravenous solutions. Third-
generation cephalosporins are the most efficient antibiotics against P. mirabilis.47 But due to
the over usage of the drug, P. mirabilis accounted for 7.4% of the Enterobacteriales with iden-
tified ESBL resistance.48

Providencia is Gram-negative bacteria that cause nosocomial infections mainly urinary tract
infections. There are five species such as P. rettgeri, P. stuartii, P. alcalifaciens, P. heimbachae.

P. rettgeri and P. stuartii are commonly found in water, soil, and animal reservoirs.
P. rustigianii, P. stuartii and P. rettgeri can cause pneumonia, meningitis, endocarditis, wound,
and bloodstream infections. Multi drug resistant Providencia bacteremia causes high mortality
of patients. Providencia stuartii and Proteus mirabilis coinfection contribute to the increased
incidence of urolithiasis and bacteremia.49 Proteus, providencia, and Morganella spp. colonize
in long-term indwelling catheters and cause urinary tract infections. ESBL and
carbapenem-resistant Providencia species are increasingly reported worldwide.

The genus Morganella consists of a single species (M. morganii) with two subspecies,
namely, morganii and siboni. Morganella morganii, is a commensal found in the intestinal tract
of humans and animals associated with diarrheal disease, urinary infections, pyelonephritis,
osteomyelitis, peritonitis, abscess, and meningitis. It produces virulence factors, such as ure-
ase, hemolysins, and lipopolysaccharide account for infection.48 ESBL producing Morganella
morganii is worrisome.

4.3.6 Enterococcus faecium

Enterococcus faecium (E. faecium) is a gram-positive, facultative anaerobic cocci, member of
the gastrointestinal biota of humans and animals. It is considered as an opportunistic path-
ogen but emerged as an important nosocomial pathogen. E. faecium cause hospital-
acquired infections, especially endocarditis and bacteremia. The virulence of E. faecium is
mediated by aggregation substance (agg gene), cytolysin (cyl gene), collagen binding protein
(acm gene), enterococcal surface protein (espfm gene), gelatinase (gel gene), and hyaluronidase
(hyl gene). esp and hyl genes play a major role in the colonization (first step of infection) and
the progress of nosocomial infections.50

Ampicillin, gentamicin, and streptomycin were the drugs of choice for the treatment of
E. faecium infections. E. faecium acquired resistance to many classes of antibiotics and adapted
to different hospital environments, leading to the emergence of vancomycin-resistant
E. faecium (VRE) strains. Prolonged hospitalization and invasive procedures are the risk fac-
tors for vancomycin-resistant E. faecium (VRE) colonization and implant-related surgical site
infections. Patient-to-patient transmission of VRE at healthcare facilities is also a concern.
Recently, the prevalence of vancomycin-resistant E. faecium has increased worldwide, and
WHO has listed vancomycin-resistant E. faecium as a serious pathogen.34
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4.4 Staphylococcus aureus

Staphylococcus aureus is gram-positive cocci, a member of the normal microbiota of anterior
nares. These bacteria also colonize in skin, perineum, and pharynx. More than 30% of adult
populations are carriers of this bacterium. S. aureus can cause community-acquired and
hospital-acquired infections including skin infections, pneumonia, surgery wounds, bacter-
emia, osteomyelitis, impetigo, toxic shock syndrome (TSS), cellulitis, and endocarditis.51

Nosocomial infection caused by S. aureus is a major health challenge. S. aureus can survive
on medical devices and surfaces. Health workers are the main carriers of this bacterium
and antibiotic-resistant S. aureus is very common because it cause mainly health-care-associ-
ated infection. Penicillin was the initial antibiotic of choice for the treatment. S. aureus be-
comes resistant to penicillin by acquiring mecA or mecC genes that encodes a novel
penicillin-binding protein. These strains are termed meticillin-resistant S. aureus (MRSA),
the biggest cause of nosocomial infections worldwide. S. aureus possesses wide variety of
virulence factors such as adhesins and exoproteins. Vancomycin and teicoplanin are last-
resort antibiotics for the treatment of MRSA infections. Methicillin-resistant and
vancomycin-intermediate or -resistant Staphylococcus aureus are included WHO priority path-
ogen list as a high priority for research.34

4.5 Helicobacter pylori

Helicobacter pylori is a Gram-negative bacterium belonging to Helicobacteraceae. H. pylori is
a gastric pathogen, that causes chronic gastritis, gastric or duodenal ulcers, mucosa-
associated lymphoid tissue (MALT) lymphoma, and gastric adenocarcinoma, and iron defi-
ciency anemia. H. pylori infections occur as a direct result of human to human, through an
oral-oral, gastro-oral, or fecal-oral route. Ninety percent of gastric cancer is due to H. pylori
infection.52 Virulence factors involved in pathogenesis are urease C (ureC- encodes a
phosphoglucosamine mutase that promotes the growth of the bacterial cell wall),
cytotoxin-associated A (cagA-responsible for inflammation in the gastric mucosa), and vacuo-
lating cytotoxin (vacA) gene (damaging the gastric mucosa) and BabA2 adhesin (membrane
protein contributes to the binding activity to the gastric mucosa).

Clarithromycin is the first-line antibiotic used for the treatment of H. pylori infection. Clar-
ithromycin is included in the standard triple therapy for 7e10 days for eradication of H pylori,
which comprises clarithromycin, amoxicillin, and proton pump inhibitor (PPI). The emer-
gence of clarithromycin-resistant strains leads to treatment failure. The prevalence of
clarithromycin-resistant strains is increasing worldwide. The triple therapy is not recommen-
ded in countries where clarithromycin resistance is more than 15%.53

4.6 Campylobacter

Campylobacter spp. are gram negative, rod shaped, and there are 17 species and six subspe-
cies of belonged to the family Campylobacteraceae. Campylobacter jejuni and Campylobacter
coli, are the leading cause of bacterial foodborne gastroenteritis in humans. C. jejuni infections
also produce bacteremia, septic arthritis, and other extraintestinal symptoms. Campylobacter
infections are self-limited in humans, characterized as watery or bloody diarrhea, abdominal
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cramping, and fever.54 These species cause more serious symptoms in neonates, elderly and
immunosuppressed patients, and need antibiotic treatment. Campylobacter infections occur
via the consumption of undercooked poultry products, meat, and raw milk. C. jejuni is a
commensal organism of the intestinal tract of cattle, wild birds, and poultry.

Fluoroquinolone or macrolide is the drug of choice for the treatment of Campylobacter
gastroenteritis. Emergence of fluoroquinolones eresistant Campylobacter spp. is a major
concern for public health. Fluoroquinolones are also used in food-producing animals, partic-
ularly in poultry, and lead to the development of resistant Campylobacter strains. Fluoroqui-
nolone - resistant Campylobacter is included in the WHO priority pathogens list of antibiotic-
resistant bacteria as a critical priority for research and development.34

4.7 Salmonella spp.

Salmonella is a Gram-negative, belonging to the family Enterobacteriaceae family, residing
in the intestinal tract of various warm- and even cold-blooded animals and humans. Salmo-
nella spp. is the major foodborne pathogen. Nontyphoidal Salmonella (NTS) strains to cause
gastroenteritis. Enteric serotypes Typhi and Paratyphi (Typhoidal Salmonella) cause Typhoid
(enteric fever) fever.55 Salmonella infection is mainly due to the consumption of contaminated
water and food especially seafood and eggs. The incubation period varies from 4 to 72 h after
the ingestion of contaminated water or food. Most Nontyphoidal Salmonella is self-limiting,
but sometimes it becomes life-threatening depending on the serotype and virulence of the
strains. These strains cause invasive infections, such as bacteremia, osteomyelitis, and men-
ingitis. Third generations of cephalosporins and fluoroquinolones were used for the treat-
ment of Nontyphoidal Salmonella infections. Horizontal gene transfer events lead to genetic
changes in Salmonella, resulting in the emergence of hypervirulent and antibiotic-resistant
strains. More than 2500 Salmonella serotypes have been recognized based on a unique com-
bination of somatic O, and flagellar H1 and H2 antigens. Salmonella serogroup/serotype
B/Typhimurium, and D/Enteritidis cause gastroenteritis and septicemia in humans. Sero-
type D/Dublin causes gastroenteritis and septicemia in swine, cattle, and sheep. The emer-
gence of ceftriaxone-resistant and fluoroquinolone-resistant Salmonella spp. is a concern.
Who has included fluoroquinolone-resistant Salmonella spp in the WHO priority pathogens
list.34

4.8 Neisseria gonorrhoeae

Neisseria gonorrhoeae a Gram-negative diplococcus (gonococci) causes gonorrhea a sexually
transmitted infection, mainly affects the mucosal tissues, including the urethra, cervix,
rectum, pharynx, and conjunctiva. Neisseria gonorrhoeae invade mucosal surfaces and are
able to survive in the presence of human serum. The initial sites for N. gonorrhoeae infection
are the urethra and the uterine cervix in men and women, respectively. N. gonorrhoeae cause
symptomatic or asymptomatic infection. This bacterium causes acute urethritis in men. Gon-
orrhoeae infections in women lead to permanent fallopian tube scarring and blockage result-
ing in infertility, ectopic pregnancy, and chronic pelvic pain. N. gonorrhoeae causes blindness
in infants born to mothers who suffered from gonorrhea. N. gonorrhoeae cause symptomatic or
asymptomatic infection. Sulfonamides and penicillin were the antibiotic agents commonly
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used for the treatment of gonorrhea till the emergence of multi drug resistant N. gonorrhoeae.56

At present, ceftriaxone, macrolide, and azithromycin, are commonly recommended in the
treatment of gonorrhea, and subsequently, macrolides and cephalosporin-resistant
N. gonorrhoeae are increasing. N. gonorrhoeae acquire resistance by different mechanisms, peni-
cillin resistance is by mutation in genes encoding penicillin-binding protein one and outer
membrane protein porin IB, and azithromycin resistance is by overexpression of the efflux
pump MtrCDE.57

4.9 Streptococcus pneumonia

Streptococcus pneumoniae is the major pathogen that causes community-acquired pneu-
monia and the leading cause of morbidity and mortality in children younger than 5 years.
The mortality rate of Streptococcal pneumonia infections ranged from 11% to 20%.
S. pneumonia also causes bacterial meningitis and otitis media. More than 90 serotypes of
S. pneumoniae have been recognized based on the chemical composition of the capsular poly-
saccharide. b-Lactam antibiotics are commonly used treatment for S. pneumoniae infections.58

Emergence of penicillin-nonsusceptible S. pneumoniae is by a mutation in the genes coding
penicillin-binding protein that catalyze bacterial cell wall production. S. pneumonia has
increasing resistance to penicillin, macrolides, and fluoroquinolones, which are commonly
used for treating community-acquired pneumonia. S. pneumoniae carry a variety of virulence
factors such as capsular polysaccharide, surface proteins and enzymes, and the toxin pneu-
molysin. Capsular polysaccharide plays a major role in bacterial virulence including protec-
tion from host defense mechanisms, colonization, mucus secretion, restriction of autolysis,
and reduced exposure to antibiotics. The emergence of drug-resistant serotypes of
S. pneumonia creates a significant burden associated with disease management. Penicillin-
non susceptible S. pneumoniae is included in the WHO priority pathogens list of antibiotic-
resistant bacteria.34

4.10 Haemophilus influenzae

Haemophilus influenzae is a Gram-negative coccobacillus, facultatively anaerobic belonging
to the Family, Pasteurellaceae. H. influenzae generally colonize the upper respiratory tract and
causes infections such as respiratory infections, bronchitis, epiglottitis, otitis media, sinusitis,
and meningitis. H. influenzae also cause genitourinary tract infections such as urinary tract
infection, pyelonephritis, and prostatitis.59 H. influenzae can be divided into encapsulated
groups and nonencapsulated strains are known as nontypeable (NTHie), which cause
conjunctivitis-otitis syndrome. There are six serotypes based on the capsule composition (a,
b, c, d, e, and f). The capsule polysaccharide is a major virulence factor in pathogenesis
and is mainly mediated by the production of capsule polysaccharides. Encapsulated
H. influenzae serotype b (Hib) is the most virulent serotype causing severe infections including
septicemia and meningitis, mainly in children.

Beta-lactams (ampicillin), is the first choice of drug for the treatment of H. influenzae infec-
tions. H. influenzae strains become resistant to ampicillin by two mechanisms (i) Beta-
lactamase production (beta-lactamase-positive ampicillin-resistant isolates- BLPAR), (ii)
without producing a beta-lactmase by key alterations in penicillin-binding protein 3 (beta-
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lactmase-negative ampicillin resistance -BLNAR).60 Ampicillin-resistant H. influenzae is
included in the WHO priority pathogens list of antibiotic-resistant bacteria as a critical prior-
ity for research and development of new and effective antibiotic treatments.34

4.11 Shigella spp.

Shigella is Gram-negative bacilli, one of the causative agents of diarrhea. There are four
serogroups of Shigella spp. on the basis of serological reactions, which are Shigella dysenteriae
(A), Shigella flexneri (B), Shigella boydii (C), and Shigella sonnei (D). Shigella has the ability to
invade colonic mucosa and degrade the epithelium. The bacteria enter our bodies through
contaminated food or water. The virulence of Shigella depends on the plasmid, which is
ipa/mxi-spa locus. Shigella produces shiga toxin and enterotoxins. The symptoms include fever,
generalized toxicity, anorexia, nausea, crampy abdominal pain, and diarrhea. The incubation
period varies from 12 h to 2 days. Shigella also causes extra-intestinal infections, including
surgical complications, neurologic manifestations, ulvovaginitis, and urinary tract infec-
tions.61 Quinolones and cephalosporins were commonly used to treat shigellosis. Quinolones
and cephalosporin-resistant Shigella spp. are increasing worldwide. Currently, azithromycin
is the choice antibiotic currently used for the treatment. WHO has included fluoroquinolone-
resistant Shigella spp. in the WHO priority pathogens list. Children under the age of five are
more prone to shigellosis.

5. Nano-particles for combating antibiotic resistance

Nanotechnology is a newly emerging field of science providing new insights into different
applications in the field of medical science, including antibiotic resistance. Nanoparticles act
in different ways against multidrug bacteria, including inhibition of biofilm formation, for-
mation of reactive oxygen species, membrane penetration, inhibition of protein, and nucleic
acid synthesis. Nanoparticles can be synthesized by chemical method and green methods. In
the chemical method, various chemicals and solvents are used for the synthesis of nanopar-
ticles, which might result in many adverse effects including cytotoxicity. To reduce the
adverse effect of the chemical method, scientists have developed the green method, which
utilizes different types of plant extracts and microorganisms for the synthesis of nanopar-
ticles. AuNPs, AgNPs, ZnO NPs, CuONPs, Fe3O4 NPs, TiO2 NPs, and MgO NPs can be
used as antibacterial agents and as effective drug delivery agents for antibiotic-resistant
bacteria.

5.1 Gold (Au) nanoparticles

Gold nanoparticles are widely used in biomedical applications due to their ease of synthe-
sis and properties such as small size, highly stable, biocompatible, noncytotoxic, and interac-
tion with the cell membrane. It can be attached to different antibiotics and used as a drug
delivery system. Even though gold nanoparticles (GNPs) are generally regarded as biologi-
cally inert, interaction with antibiotics increases their antibacterial properties. The molecular
mechanism of action of gold nanoparticles is either by inhibiting the subunit of the ribosome
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from binding tRNA or inhibiting ATPase activities to decrease the ATP level, there by
collapsing membrane potential, effective against multidrug-resistant Gram-negative bacte-
ria.62 Gold nanoparticles are effective non-invasive drug carriers for targeting drugs to their
site of action. Gold nanoparticles mediated drug delivery increase the concentration of anti-
biotics at the site of bacteriumeantibiotic interaction.

Ref. 63 demonstrated an observable anti-MRSA and VRSA effect of the 30 nm sized
AuNPs with the main 100% minimum bactericidal concentration observed at a concentration
of 4.5 � 109 (NP/mL). Ref. 64 studied the antimicrobial properties of ultrasmall gold and
magnetite-gold nanoparticles (NPs) (stabilized with D, L-methionine, Fe3O4@Au@Met),
against multidrug resistant Acinetobacter baumannii, Salmonella enterica and gram-positive
Staphylococcus aureus (MSRA), three of 12 the worst bacterial family members included in
the World Health Organization (WHO) list.34 They have determined that the killing efficiency
of Au@Met NPs (70 mg/L) probe was 84.4%e58.5% and 89.1%e75.7% against Gram-
negative and Gram-positive bacteria, respectively. The presence of single-valent gold (Auþ

ions) on the surface side of gold species (Fe3O4@Au@Met NPs, Au@Met nanocrystals) trig-
gers the strong antimicrobial efficiency of Met-capped gold species against drug-resistant
bacteria. Gold particles coupled with konjac glucomannan and gelatine can be used for killing
superbugs, inhibiting bacterial growth, and promoting wound healing. Gold nanoparticles
can amplify the antibacterial activity of gentamicin sulfate.65 Aminoglycoside antibiotics,
ribostamycin, and amikacin forms rod-like self-assembling with negatively charged AuNPs.66

Goldnanoparticles (AuNPs) preparedby bacterial exopolysaccharide (EPS) conjugatedwith a
variety of antibiotics exhibited excellent bactericidal activity and reduced MIC and minimum
bactericidal concentration (MBC) against MDR Gram-positive and Gram-negative bacteria
compared to free drugs.67 Gold nanoparticles - Amoxicillin conjugates demonstrated enhanced
broad-spectrum bactericidal activity against both Gram-positive and Gram-negative bacteria.68

The antibacterial properties of gold nanoparticles vary depending on their size. Nanocubes-
shaped gold particles (AuNCs) are effective bactericidal agents with a 100% inactivation rate.
AuNCs were effective against P. aeruginosa followed by E. coli and S. Aureus.69

Carbapenems-loaded gold nanoparticles can be used as a delivery system for the therapy
of multi-resistant pathogenic infections. Imipenem and meropenem have been conjugated
with the surface of citrate-capped gold nanoparticles and the release of imipenem and mer-
openem from 35 nm gold nanoparticles reached 89% within the first 24 h and reached almost
94% after 72 h.70 Vanillin-capped gold nanoparticles (VAuNPs) in combination with merope-
nem or trimethoprim provided 1.5e3-fold better antimicrobial properties against extremely
drug-resistant (XDR) Pseudomonas aeruginosa.71 VAuNPs and vanillin can be used as anti-
biotic adjuvants for inhibiting bacterial efflux pumps to potentiate antibiotics. Ref. 72 found
that streptomycin-resistant Bacillus becomes highly susceptible to the same antibiotic when
combined with gold nanoparticles, opening up windows for the treatment of antibiotic-
resistant bacteria with the help of nano particles.

5.2 Silver (Ag) nanoparticles

Silver nanoparticles (Ag NPs) are promising nanoparticles to combat antibiotic-resistant
bacteria. The antimicrobial properties of AgNPs can be increased by manipulating the phys-
iochemical properties such as size, shape, surface, concentration, colloidal state, and
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oxidation state. Silver nanoparticles having a size in the range of 1e10 nm showed a level of
antimicrobial properties against gram-negative and positive bacteria. Silver nanoparticles
have different sizes such as nanoplates, nanorods, spherical, and truncated triangular. Nano-
plates has the highest antibacterial property than nanorods, and are spherical because surface
area holds the largest surface area, which is high in nanoplates makes better interaction with
the bacterial cell wall and finally kills the bacteria. The surface coating of AgNPs gives the
surface charge, increases the binding tendency toward bacteria, and alters aggregation and
dissolution potential. Surface coating plays a major role in designing the antimicrobial
AgNPs. The mode of action of silver nanoparticles includes reaction with SH groups of pro-
teins, inhibits respiratory chain enzymes, or interferes with bacterial membrane permeability,
causing Kþ loss from the membrane.73

An eco-friendly method for synthesizing silver nanoparticles is highly recommended
because of noncytotoxic nature of the AgNPS. Ref. 74 synthesized AgNPs from the fungal
strain Phenerochaete chrysosporium, which was effective against activity against Pseudomonas
aeruginosa, Klebsiella pneumoniae, Staphylococcus aureus, and Staphylococcus epidermidis.
Ref. 75 synthesized silver nanoparticles by filamentous cyanobacteria Pleclonema boryanum.
AgNps is also synthesized from bacteria such as Escherichia coli, Klebsiella pneumonia, Entero-
bacter cloacae, etc.76 Ref. 77 synthesized silver nanoparticles from isolates of Escherichia herman-
nii, Citrobacter sedlakii, and Pseudomonas putida and it was effective against K. pneumonia,
S. epidermidis, S. aureus, E. coli, and P. aeruginosa. AgNPs are also synthesized from plant ex-
tracts of Ocimum sanctum,78 Sesuvium portulacastrum,79 Mentha piperita,80 etc.

Ref. 81 studied the efficiency of AgNPs in combination with four different antibiotics
(amoxycillin, penicillin, gentamicin, and colistin) against several bacteria of veterinary origin.
AgNPs are more effective against Gram-negative bacteria than Gram-positive bacteria with
the rigid peptidoglycan cell wall. Ref. 82 demonstrated AgNPs in axonnite as a good alterna-
tive for other antimicrobials to treat wound infections caused by multidrug-resistant, virulent
Acinetobacter spp. Silver NPs enhanced the antibacterial activity of cephalosporins (cefotax-
ime, ceftazidime), a carbapenem (meropenem), quinolones (ciprofloxacin), and aminoglyco-
sides (gentamicin). Conjugated AgNPS and respective antibiotics were highly effective
against multi-resistant, beta-lactamase, and carbapenemase-producing Enterobacteriaceae.83

Since AgNPs do not pose a risk of bacterial resistance development, suitable for combinations
with antibiotics that are insusceptible to bacterial resistance.

Trimethyl chitosan nitrate-capped silver nanoparticles (TMCN-AgNPs) with positive sur-
face charge were effective against gram-positive, gram-negative, and A. baumannii MDR
strains at very low concentrations.84 Ref. 85 found that silver nanoparticles (AgNPs) synthe-
tized on chitosans/montmorillonite nanocomposite films can act by controlling the size/
shape of the AgNPs, and inhibited the growth of Escherichia coli and Bacillus subtilis. AgNPs
stabilized by hydrolyzed casein peptides strongly inhibited the biofilm formation of Escher-
ichia coli, Pseudomonas aeruginosa, and Serratia proteamaculan.86 They also determined the
role of porins on the function related to AgNPs and their antibacterial effects. Bacteria defi-
cient in OmpF or OmpC porins (E. coli mutant strains) were 4e8 times more resistant to
AgNPs as compared to the wild-type strain. Ref. 87 reported that AgNPs and capsaicin could
be used for treating ESBL infections caused by E. coli. Synthesis of silver nanoparticles using
ampicillin (Amp-AgNPs) was found to be effective against sensitive and drug-resistant bac-
teria.88 They also checked the biocompatibility of these Amp-AgNPs against cell lines by
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using keratinocytes cell lines, which were found to be nontoxic. The use of modified silver
nanoparticles with different kinds of antibiotics can be beneficial in combating the emerging
threat of antibiotic resistance among bacteria.

5.3 Zinc oxide (ZnO) nanoparticles

Zinc oxide nanoparticles are inexpensive to produce, safe, and can be prepared easily. It
has different properties like varied morphology, large surface area to volume ratio, potent
antibacterial activity, optic properties, UV filtering properties, antiinflammatory, wound
healing, and biocompatibility.89 ZnO NPs are available in different shapes such as nanoflake,
nanoflower, a nanobelt, nanorod, and nanowire. Green synthesis is widely used for the pro-
duction of ZnO NPs. It is synthesized from bacteria such as Rhodococcus pyridinivorans,
B. licheniformis, Aeromonas hydrophila, Serratia ureilytica and Lactobacillus sporogens. ZnO NPs
are also synthesized from different plant species Azadirachta indica, Agathosma betulina, Rosa
canina, E. crassipes, Cocus nucifera, S. album, Nephelium lappaceum L., etc. It can be also synthe-
sized using microalgae and macroalgae.

The antibacterial activity is mainly due to the release of bacteriostatic zinc ions (Zn2þ) from
the nanoparticle surfaces ZnNPs inhibit glycolysis, transmembrane proton translocation, and
acid tolerance in bacteria. The antibacterial activity of ZnO NPs increases with increasing par-
ticle concentration, surface area, and decreasing particle size. ZnO nanoparticle can be used
for biomaterial applications (endotracheal tube, implanted biomaterials, and catheter applica-
tions), which is prone to excessive bacterial growth.90 Ciprofloxacin-conjugated ZnO nano-
particles (ZN-CIP) exhibited excellent antibacterial activity against clinically isolated
multidrug-resistant bacterial strains of Escherichia coli, Staphylococcus aureus, and Klebsiella.91

Ref. 92 synthesized ZnO NPs using C. japonica plant leaf, which was effective against
ESBLs-positive E. coli and P. mirabilis strains. ZnO NPs have great promise as an antimicro-
bial agent against ESBLs producing strains. ZnONPs synthesized from fruit extract of Rosa
canina were effective against bacteria such as L. monocytogenes, E.coli, and S.thyphimurium.93

ZnO nanorods encapsulated in chitosan could be synthesized through coprecipitation
technique. Ref. 94 studied the attachment of chitosan-capped zinc oxide nanoparticles
(ZnO NP) with Escherichia coli bacterial outermost cell membrane and their mode of action
against these bacteria. Chitosan-capped ZnO nanorods showed higher antibacterial activity
compared to that of uncapped ZnO nanomaterial as well as chitosan against E. coli. ZnO-
NPs potentiate the antimicrobial action of ciprofloxacin and ceftazidime with antibiotics
increasing the uptake of these antibiotics.95 Conjugated ZnO-NPs with ciprofloxacin and cef-
tazidime were effective against Acinetobacter baumannii. Chemically synthesized ZnO-NPs
can be developed as an alternative to carbapenem (beta-lactam), which inhibit the growth
of carbapenem-resistant A. baumannii by producing ROS and causing membrane damage.
ZnO-NPs can be used as an alternative drug to carbapenem against this carbapenem-
resistant strain of A. baumannii.96 ZnO nanoparticles are also effective against major food-
borne pathogens like Escherichia coli O157:H7, Salmonella, Listeria monocytogenes, Campylobacter
jejuni, and Staphylococcus aureus.97,98 Bacteria-mediated ZnO NPs are proved to be a good
novel antimicrobial material.99 Zinc oxide nanoparticles (ZnO NPs) synthesized from an
eco-friendly method using Aeromonas hydrophila as a reducing and capping agent was effec-
tive against Pseudomonas aeruginosa and Aspergillus flavus.
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5.4 Copper oxide (CuO) nanoparticles

Copper Oxide nanoparticles are robust and have a longer shelf life and show a wide range
of physical properties such as high critical temperature, superconductivity, electron correla-
tion effects, and spin dynamics. Cu/Cu2O NPs can be prepared using physical, biological,
and chemical methods. At high concentrations, free Cuþþ ions exert their antibacterial activ-
ity by membrane disruption and reactive oxygen species production, which inhibit both
DNA replication and amino acid synthesis in microbes. CuONPs showed excellent antimicro-
bial activity against B. subtilis, Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumonia,
Enterococcus faecalis, Shigella flexneri, Salmonella typhimurium, Proteus vulgaris, and Staphylo-
coccus aureus.100e102

Green synthesis of copper nanoparticles has been carried out using plant extracts such as
Phyllanthus amarus, Eucalyptus globules, Tecoma castanifolia, and Pronus domestic.103e106 CuO
NPs synthesized from Phyllanthus amarus were effective against various multidrug resistance
bacteria viz. both Gram-positive (B. subtilis and S. aureus) and Gram-negative (E.coli and
P. aeruginosa).103 Terpenoids encapsulated ELE-CuONPs was effective against extended-
spectrum beta-lactamases (ESBL) producing Escherichia coli, Pseudomonas aeruginosa, and
methicillin-resistant Staphylococcus aureus-1 clinical isolates compared to the bare surface
commercial nano-CuO and bulk sized CuO.104 CuO NPs synthesized from Tecoma castanifolia
showed significant inhibition on gram-negative bacteria (E. coli) and gram-positive bacteria
(S. aureus).105 Biosynthetic method of nanoparticles Cu using cyanide- O-3-glucoside as a
reducing agent is quick and easy, which had strong antibacterial properties against Pseudo-
monas aeruginosa, Staphylococcus saprophyticus, and Staphylococcus epidermidis.106

High-purity metallic chitosan-copper nanoparticles have been prepared via a chemical
method, which was effective against methicillin-resistant Staphylococcus aureus, Bacillus subti-
lis, Pseudomonas aeruginosa, Salmonella choleraesuis, and Candida albicans.107 Ref. 108 synthe-
sized nanoscaled CuO (pure Cu and Cu2O nanoparticles) by thermal plasma technology,
which was effective against meticillin-resistant Staphylococcus aureus (MRSA) and Escherichia
coli. They also compared the efficiency of CuO and nano-Ag against Gram-negative strain
and found a greater susceptibility to nano CuO combined with nano-Ag. Ref. 109 synthesized
Fe-doped CuO nanoparticles using sol-gel method, which was against pathogenic bacteria
Staphylococcus aureus and Staphylococcus epidermidis. Ref. 110 have developed a simple and
low-cost synthesis of CuO and Cu NPs from copper sulfate with chitosan biological macro-
molecule (CH) as a capped material and corresponding nanocomposite films (CHCuOeCH
and CHCueCH) were developed via the solution casting method. Their study, revealed that
the CHCuO NPs and CHCuOeCH film showed a higher inhibition zone against bacteria
than the other nanomaterials.

5.5 Iron oxide (Fe3O4)

Iron oxide nanoparticles are biocompatible, which makes them an attractive candidate for
implementation in biomedicine. Iron oxide nanoparticles have unique properties, such as
superparamagnetic behavior, external control, and hypothermal behavior when they are
stimulated and under controllable parameters. They can be utilized in the tissue-specific
release of therapeutic agents as an effective drug delivery system. The antibacterial activity
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of Fe3O4 NPs is by the generation of oxygen species (ROS) generation. The free radicals cause
depolymerization of polysaccharides, DNA damage, lipid peroxidation, and/or inactivation
of enzymes, leading to the inhibition of bacteria.111

Ref. 112 synthesized via a novel matrix-mediated method using polyvinylvalcohol (PVA),
which showed antibacterial activity against Staphylococcus aureus. Ref. 113 synthesized super-
paramagnetic iron oxide nanoparticles (SPIONs) and used them to kill Staphylococci in their bio-
film mode of growth. From their study, it is evident that magnetic targeting of SPIONs
constitutes a promising alternative for the treatment of costly and recalcitrant biomaterial-
associated infections by antibiotic-resistant strains. Ref. 114 synthesized erythromycin-
coupled FeNPs and found that the antibacterial effect was improved when the drug was
coupled to FeNPs, effective against bacterial cultures of S. pneumoniae. Ref. 115developeddoxo-
rubicin (DOX), an anthracycline-loaded iron oxide nanoparticle designed for controlling
multidrug-resistant bacteria. DOX-conjugated nanoparticles persisted in drug-resistant cells,
indicating that theywere not subject to drug efflux. This could provide effective therapy for pa-
tients afflicted with deadly drug-resistant cancers. Poly (acrylic acid) (PAA)- coated iron oxide
(magnetite) nanoparticles (PAA-MNPs) as efflux inhibitors and used together with rifampicin,
found to be effective againstMycobacterium smegmatis (close homolog ofM. Tuberculosis).116 In
presence of PAA-MNP, the efflux inhibition of a rifampicin increases by 3-fold, leading to a
similar increase in drug accumulation as compared to that without PAA-MNPs.

5.6 Titanium dioxide (TiO2)

The antibacterial activity of TiO2 has been found to be due to a reaction of the TiO2 surface
with water and the formation of ROS on exposure to ultraviolet (UV) irradiation, TiO2 re-
leases free radicals such as OH, O2-, and HO2-. TiO2-NPs synthesized through the chemical
method have several demerits including toxic chemicals; hence the green method is widely
used. Ref. 117 synthesized nano-size titanium dioxide of 20 nm with citric acid and alpha
dextrose as double surfactants and the antimicrobial resistance of MRSA against various an-
tibiotics is increased without nano-TiO2 and decreases with nano-TiO2. Silver-doped titanium
oxide (Ag/TiO2) spherical nanoparticles showed antibacterial activity against E. coli,
C. albicans, MRSA, and P. aeruginosa.118 Korosi et al.119 synthesized PF-co-doped anatase
TiO2 nanoparticles(NPs), which showed antibacterial activity against carbapenem-resistant
Klebsiella pneumonia. The hydrothermal treatment increased the photocatalytic and antibacte-
rial activity of the nanoparticle while PF-co-doping promoted the formation of OH. radicals.
Ref. 120 found that PE film incorporated with TiO2 nanoparticles was more effective in anti-
bacterial activity for Staphylococcus aureus and have a good potential to be used as food pack-
aging. Titanium dioxide-polytetrafluorethylene (TiO2-PTFE) nanocomposite coatings had
antibacterial and anticorrosion properties on stainless steel surfaces, which can be used for
the development of biomedical metallic implants.121

5.7 Magnesium oxide (MgO) nanoparticles

MgO nanoparticles (MgO) can inhibit Gram-positive, Gram-negative bacteria. MgO nano-
particles interact with bacterial cells and cause cell membrane leakage, induce oxidative
stress, mainly due to the production of reactive oxygen species (ROS), which leads to cell
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death. Biosynthesized MgO NPs at a low concentration are less toxic nanoparticles to human
cells. Ref. 122 reported the antimicrobial potency of MgO NPs against a wide spectrum of
pathogenic microorganisms such as Escherichia coli, Pseudomonas aeruginos, Staphylococcus epi-
dermidis, Staphylococcus aureus, and methicillin-resistant Staphylococcus aureus (MRSA). The
MgO NPs were more effective against Gram-negative bacteria than Gram-positive bacteria,
depending on the cell wall composition. MgO NPs can be used for the production of
infection-free medical devices and implants. MgO NPs from endophytic Streptomyces coeli-
color was found effective against multidrug-resistant pathogens agent including Shigella flex-
neri, Staphylococcus aureus, Streptococcus pneumonia, and Klebsiella pneumonia.123 MgO NPs are
effective and safe antibiofilm agents that inhibit adhesion, biofilm formation, and removal of
established biofilms of multidrug-resistant bacteria such as Escherichia coli, Klebsiella pneu-
monia, and Staphylococcus aureus.124 The MgO NPs modified with conventional glass-
ionomer cement showed effective antibacterial and antibiofilm activity against Streptococcus
mutans and Streptococcus sobrinus, cariogenic microorganisms, and could be considered for
further development as biocompatible antibacterial dental restorative cement.125

6. Conclusion

Antibiotic resistance bacteria are a growing threat in the current medical scenario. When-
ever a new antibiotic is introduced for the treatment of infections, bacteria acquire resistance
by several novel mechanisms, disseminate via horizontal gene transfer into various environ-
ments, and create a burden for the control of such bacteria. Nanoparticles are the most prom-
ising tools to curb antibiotic-resistant bacteria, which do not allow bacteria to acquire resi
stance. AgNPs are considered the most effective nanomaterial against bacteria but other
metallic NPs, such as AgNPs, ZnO NPs, CuONPs, Fe3O4 NPs, TiO2 NPs, and MgO NPs,
are also effective against multidrug-resistant bacteria. Future studies should be carried out
to better understand the mode of action, metabolism, toxic effects, and route of administra-
tion of nano particles.
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1. Introduction

The word bioimaging or biological imaging is denoted as a noninvasive precision tech-
nique for the documentation and recording of information relevant to biological materials us-
ing a variety of imaging equipment and processing. Cellular labeling and bioimaging are
visualization methods by which recognition and monitoring of information from a biological
system is made possible with minimum interference with life processes so that the examined
specimen is readily visible from the outside even without physical intervention.1 Nanomate-
rials have turned out to be one of the most striking research frontiers in the biomedical
grounds with the rapid advancement of combinatorial techniques of bioimaging and
nanotechnology.2,3,4

2. Challenges of bioimaging and emergence of nanobioimaging

Dramatic improvement of the image processing technology is clearly evident from 1960s to
the present. But it was potentially employed for biological applications by researchers in later
years of 1980s and in the early 1990s.5 The advancement of various biological imaging tech-
niques such as X-ray, thermal imaging, X-ray Computed Tomography (CT), hyper spectral
imaging, optical, and magnetic resonance imaging (MRI) that are different in principles
and equipment, enabled observation of the subcellular structures, cellular process or the
ion or metabolite levels as well.6 Recent advances in bioimaging comprise super-
resolution, two-photon Fluorescence Excitation Microscopy (FEM), Fluorescence Resonance
Energy Transfer (FRET), and Fluorescence Recovery/Redistribution After Photobleaching

C H A P T E R

499
Applications of Multifunctional Nanomaterials
https://doi.org/10.1016/B978-0-12-820557-0.00012-6 © 2023 Elsevier Inc. All rights reserved.

https://doi.org/10.1016/B978-0-12-820557-0.00012-6


(FRAP). However, the limitation in image resolution is a hurdle that is to be evaded for the
next generation of bioimaging technology. Emergence of the super-resolution microscopy
could achieve betterment of image resolution and resolve the impediments up to a certain
extent.7,8 Nevertheless the complexity of the system and special equipment prerequisite
has become barriers for further development in this direction.9 Despite the great success of
Structured Illumination Microscopy (SIM) in resolution enhancement, an expensive hardware
and expensive software are essential to surmount the spatial resolution improvement in 2D or
3D.10 Regardless of many advantages of single bioimaging modality, more basic limitations
concerned with the imaging targets, spatial resolution, tissue penetration ability, speed, field
of view, biocompatibility, experimental complexity and, imaging sensitivity become vital
when reliable and accurate diagnosis are to be achieved. As a result, multimodal imaging
technology combining two or more imaging modalities has emerged to provide more reliable
and efficient information by combining their potencies.9,11,12

It is expected that nanotechnology is able to resolve these problems when combined with
various bioimaging techniques, such as MRI, CT, Ultrasound and Optical Imaging (OI).
Contrast improvement of image is accomplished by enhancing the specificity of targeted im-
aging using the unique designed nanoconstructs as contrast agents to improve the imaging
effects, thus providing useful information for clinical diagnosis in turn, advance the medical
imaging to the next level.13e16

3. Scope of nanotechnology in biological imaging

Cell transplantation is an emerging strategy in regenerative medicine in which the self-
renewal and differentiation ability of stem cells and progenitor cells are made use of to correct
or replace defective cell populations.17 With proper control, this technology can revolutionize
the treatments of myocardial regeneration as well as CNS-related diseases such as spinal cord
injury, Parkinson’s disease, myelin disorders, and Huntington’s disease.18,19 The immune cell
based therapy has promising advancements in the diagnosis, early detection and treatment of
cancer malignancy, in which the antitumor power of immune cells, such as T cells, natural
killer (NK) cells, B cells, and dendritic cells has been exploited and enhanced in order to
ruin the cancerous cells in a highly selective manner.20

The main challenge in this highly accepted therapeutic approach was to differentiate be-
tween the implanted cells from the host tissue cells and to monitor their survival, migration,
differentiation, and regenerative impact in living subjects. Efficient monitoring is crucial for
the success of all cell based therapies.21 Nanoparticles have become the materials of choice in
this regard due to their inherent magnetic, optical, or acoustic properties. In addition to this,
the prolonged cellular retention time of the nanomaterials offer a large observation casement
and therefore makes it possible for longitudinal cell tracking in vivo. Recent progresses in
nanotechnology open up an efficient platform for theranostic medicine.4,22,23,24 Real-time
monitoring, minimal or noninvasiveness, and accessibility without tissue destruction are
the significant features of nanoparticle (NP)-based theranostics. Moreover, NPs can be effec-
tively used to carry out experiments over an extensive range of time and size scales involved
in the imaging procedure.4,16,23 NPs are categorized as magnetic/metallic NPs [MRI25,26

in vivo tracking of stem cells,27] reporter dyes/fluorophores in the nanoscale
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[immunoassays,28 in vivo fluorescent imaging,21,29 in vivo stem cell tracking],27 radiolabeled
NPs [Single-Photon Emission Computer Tomography (SPECT), positron emission tomogra-
phy (PET), Cerenkov luminescence],30 according to the imaging technique used.

Nanoparticle-based methods are emerging as a powerful technique in cell transplantation
therapies for tracking cells in living subjects to monitor the migration and proliferation of
implanted cells. This is achieved by loading and then detecting NPs, using corresponding im-
aging modalities such as MRI, radionuclide imaging [PET and SPECT], and optical imaging
at a high spatial and temporal resolution. In this approach, the implanted cells are detached
from host cells, which is advantageous over traditional histological methods. Cells loaded
with engineered NPs serve as imaging contrast agents, enabling cell tracking. By making
use of these attributes, tracking the cell implants in a non-invasive and real-time manner
over a long observation period is possible. The NPs can be either directly introduced (non-
targeted) or indirectly introduced.31 This kind of specific targeting using NPs is an effective
strategy to lessen the side effects of clinical procedures or drugs.32 Bioimaging involving
Fluorescence, Luminescence, Surface-Enhanced Raman Scattering (SERS), and photoacoustic
(PA) signals (Tables 22.1 and 22.2).4

TABLE 22.1 Persistent luminescence NPs for bio-imaging and therapy.4

Hosts Dopants Comments and applications in bio-imaging

Gd2O2S Eu3þ,Mg2þ,Ti4þ Fully biocompatible NPs and in vivo imaging

Ca3(PO4)2/hydroxyapatite Mn2þ,Tb3þ,Dy3þ Bioimaging applications

Ca2Si5N8 Eu2þ,Tm3þ NPs, functionalization, bioimaging applications, green

SrAl2O4 Eu2þ,Dy3þ Emission

Ca0.2Zn0.9Mg0.9Si2O6 Mn2þ,Eu2þ,Dy3þ NPs, functionalization, pioneer work for bioimaging
bioimaging imaging:cancer

Cancer cells imaging, cell targeting

Ca1.86Mg0.14ZnSi2O7 Eu2þ,Dy3þ FRET and various bio-sensing applications

CaMgSi2O6 Mn2þ,Eu2þ,Pr3þ NPs, functionalization, bio-imaging

MAlO3(M ¼ La,Gd) Mn4þ/Ge4þ Bio-imaging in pork tissue

GdAlO3 Mn4þ,Ge4þAu
Sm3þ,Cr3þ

Trimodality imaging
Optical and magnetic dual mode imaging

ZnGa2O4 Cr3þ NPs, functionalization, bio-imaging(cancer cells imaging),

Cell targeting, cytotoxicity, visible light NIR

Photostimulation

X-rays activation

Oral administration

Breast cancer imaging

Toxicology analysis

Proto biotic analysis

(Continued)
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TABLE 22.1 Persistent luminescence NPs for bio-imaging and therapy.4dcont’d

Hosts Dopants Comments and applications in bio-imaging

ZnGa2O4 in hollow cavity Cr3þ Photo dynamic therapies

ZnGa2O4 Cr3þ,Gd3þ NPs,functionalization, bimodality optical/
NMRimagingng

ZnGa2O4/SiO2 Cr3þ Core-shell structure, drug delivery

ZnGa2O4/Fe2O3 Cr3þ Cell labeling and magnetic vectorization

ZGOCS@m- Cr3þ Multimodal nanoprobes

SiO2@Gd2O3

Zn1.1Ga1.8Ge0.1O4/SiO2 Cr3þ,Eu3þ NPs, core-shell structure, drug delivery

Zn3Ga2Ge2O10 Cr3þ Imaging of pork tissue, pphotostimulation, cytotoxicity

Zn1.1Ga1.8Ge0.1O4@SiO2 Cr3þ Bio-imaging and drug delivery

Zn1.25Ga1.5Ge0.25 degrees4 Cr3þ,Yb3þ,Er3þ Metastasis tracking, cheo-photodynamic therapy

Zn1.1Ga1.8Ge0.1 degree4 Cr3þ Nanothermometry

Zn3Ga2Sn1O10 Cr3þ Imaging of goldfish

Zn2.94Ga1.96Ge2O10 Cr3þ,Pr3þ NPs,functionalization

Zn3Ga2Ge2O10 Cr3þ Recognition of breast cancer cells

Zn3Ga2GeO8 Cr3þ,Yb3þ,Er3þ Upconversion

LiGa5O8 Cr3þ/PEG-OCH3 NPs, functionalization, bio-imaging, visible light
stimulation, imaging, Visible light stimulation,

Photostimulation

Ca3Ga2Ge3O12 Cr3þ,Yb3þ,Tm3þPr3þ,Yb3þ NIR stimulation, upconversion, in vivo imaging

m-SiO2@Gd3Ga5O12 Cr3þ,Nd3þ Multimodal imaging and cancer therapy

Sr2SnO4 Nd3þ Finger image

SiO2/CaMgSi2O6 Eu2þ,Pr3þ,Mn2þ Bio-imaging, intraperitoneal injection

Photostimulation imaging of pork tissue

Y3Al2Ga3O12 Er3þ,Cr3þ Imaging in the second biological window

NaYF4þSrAl2O4 Yb3þ,Tm3þ, Eu2þ,Dy3þ Upconversion and photodynamic therapy

Sr2MgSi2O7 Eu2þ3þ,Dy3þ Photodynamic activation

Visualization of abdominal inflammation

La3Ga5GeO14@SiO2@Van Cr3þ,Zn2þ Bio-imaging-guided in vivo and drug delivery

(Vancomycin)

CaTiO3 Pr3þ,Yb3þ,Tm3þ Upconverting and guided photo thermal therapy

ZnSn2O4 Cr3þ,Eu3þ Cellular and deep tissue imaging

Sr3Sn2O7 Nd3þ Second window imaging
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4. Labeling cells with NPs

4.1 Direct labeling

Direct labeling is the approach of loading cells with probes prior to engraftment into the
host. This method is comparatively easy and affordable. The NPs can be taken up by cells
before implantation which act like dyes to help in monitoring the fate of cells. Detection of
probes is possible by relevant imaging modalities. Fluorescent NPs are promising candidates
for in vitro and in vivo imaging procedures such as photodynamic therapy and fluorescence
resonance energy-based detection.33 The tracking and monitoring cell-tissue interactions us-
ing fluorescent NPs are possible by magnetic resonance technique.

4.2 Indirect labeling

Indirect labeling involves reporter gene (RG)-based cellular tracking and imaging. This is
accomplished by either generating traceable activities or producing accumulations of trace-
able products like fluorescent or bioluminescent proteins or enzymes by means of a transcrip-
tional control component which functions as a biomolecular genetic sensor which can
recognize and respond to endogenous transcription factors and transcription regulators

TABLE 22.2 Examples of PA contrast agents explored in PA imaging.4

Materials Types of nanoagents Advantages(D)/Disadvantages (L)

Inorganic Metallic nanomaterials Au nanorods; Au nanostars;
Au nanocages; Au nanoshell;
Au nanovesicles;
Au nanoflowers; Ag
nanoplates;
Palladium nanoplates;
Antimony nanoparticles

(þ) tunable physiochemical properties;
Chemically inert element with reasonable
biocompatibility; able to carry cargoes. (�)
Non-biodegradability;
Suboptimal photothermal stability

Carbon-based
nanomaterials

Carbon nanotubes;
Graphenes;
Carbon dots

(þ) able to carry cargoes; good photothermal
stability. (�) nonbiodegradability;
heterogeneity

Transition metal
chalcogenides (TMC)-based
nanomaterials

CuS; WS2; MoS2; FeS; Bi2S3;
CuSe; Co9Se8;Bi2Se3

(þ)high photothermal conversion efficiency;
Good photothermal stability; low cost(�)
nonbiodegradability;
Contain heavy metal elements

Organic Dyes Porphyrin-and
Cyanine-based dyes
e.g.,Indocyanine
green(ICG),IR780, IR825,etc

(þ) good biocompatibility/biodegradability
(�)poor aqueous solubility
Low photothermal stability,
Short blood stream circulation half-life

Polymer-based
nanomaterials

Polypyrrole; polyaniline;
polydopamine;
semiconducting polymers

(þ) good biocompatibility and photothermal
stability; able to carry cargoes.
(�)Their biodegradation behaviors remain
unknown
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that regulate RG expression. In RG-based cellular labeling and imaging, RG is coupled with a
complimentary reporter probe by transfection or transduction which permits for firm, stable
and secured tracking of cells.34 This method allows sustained cellular trafficking but requires
sophisticated genetic manipulations.

5. Nanomaterials used for cell labeling/bioimaging applications

When we consider nanomaterials for biological labeling or imaging applications, under-
standing their electrical, optical, biological, and magnetic properties is essential. Nanopar-
ticles can be broadly categorized in to organic and inorganic. All biopolymers and organic
nanomaterials form the nanoplatforms for nanobioimaging and cellular tracking. Nonme-
tallic NPs are advantageous due to their biocompatibility, functionality at targeted site and
ability to bind covalently with the contrasting agents. Superparamagnetic iron oxide nano-
particles (SPIONs) and quantum dots (QDs) are metallic NPs which can be functionalized
as imaging materials. Hence, these NPs are effectively altered into nanotheranostics by incor-
porating therapeutic drugs onto and/or into the nanoplatform. The theranostics applications
of nanomaterials were greatly improved by modifying their morphology, surface chemistry
and optical properties.35,36 In view of this, nanomaterials, such as semiconductor nanocrys-
tals,37 metal complexes,38e40 surface modified silica,41,42 and organic dyes43,44 have been
used as probes for diagnosis of cancer. These materials have also been used as imaging
probes for visualization of cancer cells, offering an accurate cancer diagnosis via real-time,
noninvasive, and high-resolution images, which allows to capture specific information that
relates to the tumor metabolism and structure.45

This chapter highlights the innovative developments in the field of biological imaging us-
ing various nano-based materials such as NPs, quantum dots, nanorods and nanotubes. The
primary focus is on the recent contributions of NPs as the carrier for the fabrication of multi-
modal imaging nanoprobes, as well as corresponding applications in diagnosis and therapy.
For easier elucidation, the article is arranged according to the types of the NPs used in bio-
imaging techniques, performed for various applications.

5.1 Carbon based nanomaterials

Carbon-based nanomaterials (CBN) Consist of carbon dots (CDs), fullerenes, carbon nano-
tubes (CNTs), graphene (G), graphene oxide (GO) and nanodiamonds (NDDs).46,47 Surface
modification of these different forms of carbon-based NPs provides the opportunity to
enhance their properties for employing in various labeling and imaging applications. Their
unique optical, electronic, mechanical, and chemical properties increase their potential for im-
aging and diagnosis of cells or tissues.48e51

5.1.1 Carbon nanodots (CNDs)

Carbon dots are clusters of carbon atoms comprising traces of nitrogen and considerable
fractions of oxygen and hydrogen with a size of 2e8 nm. Carbon dots were first identified
accidently in 2004 from the arc discharge synthesis of carbon nanotubes52 and shares similar
physical and chemical properties with graphene oxide. Hydrophilic CNDs are found to be

22. Nanomaterials in bioimaging and cell labeling504

IV. Biomedical applications of nanomaterials



used extensively in imaging53 compared to hydrophobic CNDs.54 Carbon dots exhibits excep-
tional features for fluorescence labeling and imaging; they are less toxic, easy clearance from
the body, low cost, and immune system evasion fairly good biocompatibility and perme-
ability, weak interactions with proteins, resistance to swelling and photobleaching. The
unique photoluminiscent and chemical properties among the nanomaterials, CNDs are one
of the promising candidate for bioimaging applications (Fig. 22.1).

Molecular signatures of the cells has been exploited for the ell specific imaging using func-
tionalized CNDs. Folate receptor over expression is associated in many caner progression
including malignancies of the brain, throat, breast, kidney, lung, ovary, and prostate.56 Cova-
lently linked folic acid to amine capped carbon dots could differentiate folate receptor over
expressing cancer cells from healthy cells. The folic acid composite with CNDs via H bonding
quench fluorescence via fast electron transfer and fluorescence recovery is observed upon
binding to cervical cancer (HeLa) cells.57 Similarly, overexpression of transferrin receptor
on cancer cell membrane is targeted using Transferrin, an 80-kDa serum glycoprotein. Car-
bon dots with transferrin is labeled via PEG1500N, 4-arm PEG, and PEIPEG-PEI polymers
through R¼N¼C¼NR for tumor cell imaging.58

The potential of CNDs for the development noninvasive imaging applications are explored
extensively since 2009. Presently, the interest focuses on small animals to study the in vivo
limitations of CNDs for fluorescent labeling. The first study to present the feasibility of
CNDs were carried out using polyethylene glycol-functionalized CNDs in mice.59 The fluo-
rescence was observed in the bladder area and ex vivo analysis showed the kidneys were
fluorescent whereas the liver not. Similarly, Asp-carbon dots (Asp-CD) used for targeted im-
aging of glioma cells displayed full-color emission, excellent biocompatibility, and high accu-
mulation in the tumor region. Targeted imaging of glioma is challenging as many contrast
agents fail to cross the Blood-Brain Barrier (BBB).60 Asp-CD injection via the mouse tail
vein retained the fluorescence in the glioma 15 min which confirms its capability to cross
the BBB. Liposome loaded with CNDs prepared from the hydrothermal treatment of phenyl

FIGURE 22.1 Application of carbon dots in nanomedicine.55 Copyright 2014, Elsevier.
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propionic acid polymers are another successful method for the MCF-7 tumor imaging in nude
mice compared to plain CNDs. Carbon nanodots conjugated with protoporphyrin IX showed
that the CNDs are accumulated in the tumor area, 6 h after the injection in a U14 tumor-
bearing mice.61

5.1.2 Carbon nanotubes (CNTs)

The extraordinary features of Carbon Nanotubes (CNTs) including unique optical, high
electrical and thermal conductivity and great tensile strength drowned the attention for
many appliations.62,63 These peculiar characteristics indicate the potential for CNT to use
as field emission devices, nanoscale transistors, tips for scanning microscopy, or components
for composite materials. Initially CNTs were found not suitable for biomedical applications,
because of the insoluble characteristics. Later on it has been established that on surface func-
tionalization, CNTs become highly soluble in water resulting supramolecular complexes with
biological macromolecules.64 A single-walled carbon nanotube (SWNT) is a rolled-up gra-
phene sheet that is composed of benzene-type hexagonal rings of carbon atoms. Single-
walled carbon nanotubes emit near-infrared (NIR) fluorescence (700e1300 nm), at which
autofluorescence, absorption and scattering by blood and tissue are minimized. This is the
most striking property which make SWNTs an excellent candidates for biomedical applica-
tions as bioimaging contrast agents65e67 and biological sensors.68 The fluorescence detection
and imaging of SWNTs offer a powerful tool for tracking the interactions of SWNTs with tis-
sues, cells and organisms. Single-walled carbon nanotubes are capable of covalent linking
with visible-wavelength fluorophores that can be readily developed for cancer cell destruc-
tion, detection, and dynamic imaging using confocal microscopy. SWNTs and SWNTe
streptavidin conjugates could be imaged in human promyelocytic leukemia cells and human
T cells by this method.66 Cell membrane penetration ability of FITC-labeled SWNTs were
demonstrated by bioimaging using epifluorescence and confocal microscopy.67 Cell surface
receptors in cancer cell were specifically identified using immunoglobulin G functionalized
fluorescently tagged CNTs using confocal microscopy.69 Presence of multi-walled carbon
nanotubes (MWNTs) functionalized with diethylenetriaminepentaacetic dianhydride
(DTPA-MWNT) and radiolabeled with indium-111 (111In) in circulation was traced in vivo
by dynamic imaging using micro-SPECT scanner.70

5.1.3 Fullerenes

Fullerene (C60) is a distinct allotrope of carbon after diamond and graphite discovered in
1985 by Ref. [71] Their unique cage like structure, van der Waals diameter of 10.18 Å and
electron-deficient nature lead to fascinating properties placed the fullerenes well within the
realm of nanotechnology.72 The carbonecarbon bonds in graphene and carbon nanotubes
(CNTs) are sp2-hybridised whereas sp3-hybridized in diamond. Fullerenes are made up of
a network of both hexagons (1,3,5-cyclohexatriene1) and pentagons ([5]radialene) with a
unique hybridization of sp2.278 as shown in Fig. 22.2.73

Functionalized fullerenes exhibit photothermal and photoacoustic properties. Further-
more, they are biodegradable, water soluble and easily excreted; make them a good choice
for imaging and therapy. Water-soluble fullerene derivatives employable in biomedical appli-
cations are produced from bioactive compounds that exhibit affinity to certain proteins,
nucleic acids or cell receptors such as saccharides or peptides. This is further functionalized
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with polar or ionic groups such as hydroxyl, carbonyl or quaternary ammonium salts.74 Poly
hydroxyl fullerenes (PHF) containing chitosan NPs have been studied in the imaging and
therapy of cancer. Photoacoustic images of mouse abdominal regions were obtained when
the nude mouse subjected to subcutaneous inoculation with BT474 cells (human breast cancer
cells). This method showed better contrast with normal cells and no tissue damage caused by
LASER irradiation.75

MRI is a noninvasive medical imaging technique that can provide visualization of soft
tissue with high spatial resolution. High paramagnetic properties and high relaxivity of
Gd-based metallofullerenes (Gd-MF) enabled their utilization as MRI contrast agents. In
Trimetallic nitride endohedral metallofullerenes (Trimetasphere) is one exceptional class of
fullerene molecules used as contrast agent. Here a Gd3N cluster is encapsulated inside a
C80 carbon cage referred to as Gd3eN@C80 (Fig. 22.3).76 Gd-containing Trimetasphere
contrast agent claimed to have the following properties: the passive uptake of the contrast
agent by cells maintaining cell viability and proliferation, and the detection of contrast
agent-labeled cells within the lung using non-invasive, high-resolution MRI. Gd-containing
Trimetasphere is employed as MRI contrasting agent for in vitro and in vivo imaging and
tracking of human amniotic fluid derived stem cells within lung tissue of mice. Gd-
containing Trimetasphere specifically binds to damaged lung tissue and perform longitudinal
MRI to evaluate the dynamics of cell homing, migration, and clearance.

High-intensity focused ultrasound (HIFU) is a novel noninvasive method used for both
local tumor ablation technique and for real-time monitoring of the therapeutic process.
Perfluorohexane-encapsulated fullerene nanospheres as dual-mode bioimaging contrast
agent has been developed via a vacuum ultrasonic emulsification and centrifugation method.
Excellent contrast-enhanced the imaging capabilities of the PFH-C60 nanospheres for ultra-
sound and CT bimodal bioimaging in dissected bovine livers.77

FIGURE 22.2 1,3,5-Cyclohexatriene and [5]radialene sub-units, as found in C60 (double bonds are emitted for
clarity). Reproduced from: Ra�sovi�c I. Water-soluble fullerenes for medical applications. Mater Sci Technol.
2016;33(7):777e794. https://doi.org/10.1080/02670836.2016.1198114.
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5.2 Iron based nanomaterials

The most extensively used imaging probes are iron oxide NPs (IONPs). They have long
been identified as T2 based contrast probes in MRI for cell labeling applications.78 Iron based
NPs of different sizes ranging from 10 to 300 nm with various surface coatings have been
identified.79 Currently available chemical IONPs are Ferumoxide (Endorem_-Europe, Feri-
dex_ in the USA and Japan) and Ferucarbotran (Resovist_-Europe and Japan). Combidex,
Ferummoxytol Code 7228 and VSOPeC184 are under clinical trials. In spite of their useful-
ness in imaging lesions in reticuloendothelial system (RES) organs like liver, spleen, and
lymph nodes all these formulas have been used for cell labeling too.80 These formulas differ
in the uptake rate and retention by the cells. Their slight negative charge is the main draw-
back which is not advantageous for inducing efficient cellular uptake.

Ferritin and MagA are recognized as MRI reporter genes. Their function is to transfer
endogenous iron or iron supplements into IONPs.81 The iron NPs stored in the intracellular
protein ferritin causes the relaxation of water molecule which is detected by MRI. Iron NPs
are present either in an antiferromagnetic or superparamagnetic form in ferritin cage which
will be monitored in MRI. By this way it is possible to recognize any alteration in ferritin
content in the heart, liver, spleen, and brain. Deposition of iron in the nerve cell ganglia
in the case of neurodegenerative disease like Parkinson’s, Alzheimer’s and Huntington’s
diseases is made possible by using MRI. Apart from that the fate of cell grafts in mice
cell lines was able to monitor in vivo by MRI using human ferritin heavy chain (hFhc) as
an RG, which is proved to be effective as there is no adverse effect on pluripotency of
stem cells on expression. Human ferritin heavy chain acts as RG by producing MRI contrast
through compensatory upregulation of transferrin receptor and subsequent increase in

FIGURE 22.3 IL-13-Gd3N@C80(OH)x(NH2)y nanoparticles with positive charges illustrating facile binding to a
negatively charged phospholipid bilayer cellular surfaces.76 Reprinted (adapted) with permission from reference Li, T,
Murphy, S, Kiselev, B, Bakshi, K. S, Zhang, J, Eltahir, et al. A new interleukin-13 amino-coated gadolinium metallofullerene
nanoparticle for targeted MRI detection of glioblastoma tumor cells. J Am Chem Soc. 2015;137(24):7881e7888. https://doi.org/
10.1021/jacs.5b03991.
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cellular iron storage in ferritin bound form. Even after expression the neural differentiation
and teratoma formation was effective. To extend the cell trafficking period, ferritin was used
in combination with IONPs, which can supply iron atoms to the overexpressed ferritin
proteins.82

A protein (MagA) found in the magnetotactic bacterium was found to be involved in trans-
ferring Fe ions into magnetite (Fe3O4) nanocrystals leading to the formation of NP-containing
magnetosomes. In terms of this, MagA protein was identified as a useful agent in reporter
gene based imaging because magnetosomes are superior to ferritin in inducing T2 contrast.

83

The studies on the effect of MagA in mammalian 293FT cells as well as in mouse neuroblas-
toma N2A cells showed that MagA itself is capable of producing enough NPs to increase the
transverse relaxivity or intracellular contrast which can be measured by MRI.84

Most well accepted surface coating agent for IONPs is dextran. Chitosan, poly ethylene
glycol and polyvinyl alcohol have also been identified as effective coating materials for
IONPs.85,86 Labeling efficiency of SPIONPs on human bone marrow derived mesenchymal
stem cells (hBM-MSC) was enhanced by 100% when it was coated with chitosan. The
chitosan-SPIONP up to 200 g Fe/mL concentration was proven to be non-toxic. This made
in vivo tracking of cells by MRI imaging more easier and efficient.87 Iron oxide NPs entrap-
ped with chitosan NPs showed an increased uptake under magnetization by Kusa O cell line.
The enhanced accumulation in the cells was validated using atomic absorption spectrometry
and confocal laser scanning microscopy.88 Enhancement in the cellular uptake of poly(L-
lysine) (PLL) surface-modified IONPs was studied using rat bone marrow stromal cells
(rMSCs) and human mesenchymal stem cells (hMSCs). More than 92% cellular uptake was
evident with PLL surface modified IONPs, when analyzed by TEM and optical microscopy.
The magnetic resonance (MR) images demonstrated the presence of implanted cells in the
lesion and at the injection spot.89 Among the three iron oxide based nanocrystals; Feridex,
Resovist, and monocrystalline iron oxide (MION), Feridex and Resovist were found to be
more efficient as MRI contrast agents in labeling human mesenchymal stem cells (hMSCs).90

In vivo analysis of human hepatic satellite cells to monitor the progress of engraftment
process could be effectively carried out using IONPs conjugated with suitable fluorophores.91

A near-infrared fluorophore (NIRF), IRDye800CW (excitation/emission, 774/789 nm) was
found to be promising in tracking of cells by Fe3O4 NPs in mouse macrophage RAW264.7
and later on used to label mammalian cells as its low toxicity was proven. Here the covalent
coating of 3-dimercaptosuccinic acid (DMSA) on water-soluble 12 nm IONPs considerably
increased the water solubility as well as their NIRF binding.92,93

5.3 Gold NPs

Gold NPs are one among the numerous metallic, inorganic NPs that can easily be incorpo-
rated and functionalize with biological molecules because of their unique chemical, physical,
optical and surface plasmon resonance properties.94e96 Because of their peculiar surface
chemistry, projected biocompatibility, relatively low short-term toxicity and high X-ray ab-
sorption coefficient, gold NPs have received significant interest recently for use in multiple
imaging technologies.97 Therefore, gold NPs are well suited as contrast agent for CT and
in the development of biosensors.
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The two approaches to be employed to functionalize gold NPs are ligand exchange of sta-
bilizers and direct incorporation of a functional stabilizer. In the former, biomolecules con-
taining functional groups such as thiols is substituted by the stabilizer.98 In the later
method, conjugation of biomolecules to the stabilizer molecules, which are already present
on gold NPs. The amino acid end groups of the stabilizer are modified by covalent conjuga-
tion of ligands.99,100 The properties of the targeting ligand or stabilizer on the NP has huge
influence on the polydispersity, particle size as well as size distribution of metal NPs.101,102

The development of biocompatible, functionalized gold NPs that specifically target cancer
sites has received considerable interest for in vivo imaging applications. Oleyl coated gold
nanorods (AuNRs) incorporated with FITC were employed to label COS-7 cells so that the
resulting fluorescent cells could be examined using a conventional fluorescence micro-
scope.103 The positive surface charge and multiple oleyl functionalities facilitate strong inter-
action of AuNR with cell membrane.

X-ray CT is a commonly used diagnostic imaging tool by which the density differences be-
tween the tissues can be visualized. The image contrast of these tissues is provided by X-ray
attenuation between soft tissues and electron-dense bone. X-ray contrast agents are used in order
to enhance the contrast between different types of tissues, such as normal and cancerous tissue.
The commonly usedCT contrast enhancers such as highlywater-soluble small organic iodinated
molecules, have very short imaging time.104e106 GoldNPs have been identified as valuable X-ray
contrast agents showing in vivo stability in blood. PEG-coated goldNPs are capable of imparting
antibiofouling properties which in turn extend the systemic circulation.107 Gum Arabic stabi-
lized gold NPs have been developed by Kattumuri et al. as a potential biocompatible X-ray
CT contrast agent.108 On account of their peculiar features like plasmon-resonant absorption
and scattering properties at visible andNIRwavelengths, Gold nanorods are identified as prom-
ising candidates in biological imaging. The surface functionalization, optical properties, in vitro
and in vivo imaging, and photothermal aspects of gold nanorods make them appropriate to be
functionalized with a range of biological molecules such as antibodies, biotin, folic acid, DNA,
polyethyleneglycol (PEG), etc.109 Comparative analysis of CT values demonstrate similarity of
AuNPs containing polyethylene glycol-attached dendrimer to a commercial iodine agent, lopa-
midol, in vitro.Whereas the blood pool imaging of polyethylene glycol-attached dendrimer was
observed to be superior to iopamidol. When compared to iopamidol, AuNPs containing poly-
ethylene glycol-attached dendrimer was accumulated more in the liver.110 Selective targeting
of Squamous cell carcinoma (SCC) was achieved with Gold NPs (AuNPs) grown in the PEG-
attached dendrimer as potential X-ray CT contrast agent. Popovtzer et al., however, demon-
strated the use of gold nanorods as target-specific agents to detect head and neck cancer
in vitro with a standard clinical CT.101 Gold and functional gold NPs are promising candidates
for detection of neurological diseases and cancer using CT scanning technology.111e113 A
biocompatible and all-in-one dual-modal nanoprobe developed usingAuNPs andNIR emissive
semiconducting fluorescence polymers found to be promising as contrast agent for in vivo X-ray
CT and fluorescence bioimaging.113 The CT imaging ability of the BSA-Au cluster was assessed
using the commercial iodine-based contrast agent iopromide and compared with BSA-Au clus-
ters (Fig. 22.4).114 Fig. 22.4A and B depicts Hounsfield Units (HU) values of different concentra-
tions of BSA-Au clusters and iopromide. It is evident that HU values increase with the
concentration of the contrast material, with lower concentrations of BSA-Au matching the HU
values of much higher concentrations of iopromide (Fig. 22.4A). The slope of HU values versus
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concentration (Fig. 22.4B) for BSA-Au clusters is 17.85, much steeper than that of iopromide
(4.15). These analysis could prove the feasibility of using BSA-Au clusters as a CT contrast agent
for in vivo kidney imaging. The BSA-Au clusters-injected mouse can be observed 2 h postinjec-
tion compared with the saline-injected control mouse.114

5.4 Quantum dots

QDs are fluorescent semiconductor nanocrystals (1e100 nm). The unique physicochemical
properties of QDs are increasingly used as fluorophores for in vivo fluorescence imaging
applications.115e118 Quantum dots possess near-unity quantum yields and much greater
brightness compared with organic dyes and fluorescent proteins. Broad absorption character-
istics, continuous and tunable emission maxima due to quantum size effects, narrow line
width in emission spectra, long fluorescence lifetime (5 to >100 ns compared with 1e5 ns
in organic dyes) and negligible photobleaching (100e1000 times less than fluorescent dyes)
over minutes to hours make QDs a valuable candidate for medical imaging applications.119

Fluorescence imaging is more advantageous in comparison with other imaging modalities
because of its high sensitivity and non-invasive nature. Easy employability with readily avail-
able and relatively inexpensive instruments of this method is a significant feature. QDs are
potential for in vivo targeting of specific cells (e.g., DNA, labeling neoplastic cells, and cell

FIGURE 22.4 (A) CT images of BSA-Au clusters (the concentration of au: 1.25, 2.5, 5.0, 10, 20, and 40 mM) with
different element concentrations of the iopromide solution (I: 1.0, 5.0, 10, 25, 50, and 100 mM), as contrast agent (B)
The graph showing HU values of the BSA-Au cluster and iopromide against Au and I concentrations. (C) Two-
dimensional CT images of mice (In vivo) by injecting, saline (left) and BSA-Au cluster (right) 2 h postinjection.
The boundaries of the kidneys (D) are indicated with dashed curve.114 Reprinted (adapted) with permission from reference
Wang, Y, Xu, C, Zhai, J, Gao, F, Liu, R., Gao, L, et.al., Label-free Au cluster used for in vivo 2D and 3D computed tomography
of murine kidneys. Anal Chem. 2014;87(1):343e345. https://doi.org/10.1021/ac503887c.
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membrane receptors) after conjugation with specific bioactive moieties.120 The size and
composition of QDs can be modified synthetically to manage the absorption and emission
characteristics. This makes QDs employable for applications in nucleic acid detection, bio-
sensing, and cell labeling. The important barrier for QDs to be used for biological applications
is its hydrophobic nature, as many biomolecules have limited solubility and stability in
organic solvents.121e123 However, stability in aqueous conditions and biocompatibility of
QDs can be considerably improved with surface modification by ligand exchange or conju-
gation with surface stabilizers.98,116 For ligand exchange, heterobifunctional ligands such as
mercaptoacetic acid or 3-mercaptopropyl trimethoxy silane containing thiol functionalities
are used. Covalent binding of QD with these ligands resulted in improvement of hydrophi-
licity QD, which is an important aspect for biological applications.124 The ligand exchange
method induce agglomeration which adversely affect the fluorescence efficiency of QDs.
Alternate method for surface stabilization include binding with amphiphilic polymers.125,126

Target specificity of the modified QDs can be established by Conjugating with specific li-
gands such as peptides, antibodies or small molecules.127e130 On conjugation with PEG the
blood circulation time of QDs is potentially extended which in turn reduced the possibility
of nonspecific binding to serum proteins in blood.131

Significant accumulation of QD in lungs was noticed when CdSe/Zns QDs coated with
PEG and a lung-targeting peptide was investigated in mice.132 QD based multifunctional
NP probe was successfully developed for in vivo imaging of human prostate cancer in
mice. In this study the QD based probe was prepared by encapsulating PEGylated QDs using
an ABC triblock copolymer as a secondary coating layer, then functionalized by conjugating
with a tumor targeting antibody to prostate-specific membrane antigen.118

QDs conjugated with arginine-glycine-aspartic acid (RGD) peptide has been used success-
fully for non-invasive targeted in vivo NIR fluorescence imaging of avb3-positive tumor
vasculature in a murine xenograft model.133 Peptide-conjugated QDs are effective as bio-
markers for non-invasive targeted in vivo imaging of tumors (Fig. 22.5A).133 The in vivo fluo-
rescence image of mice with U87MG tumor, treated with QD705-RGD and QD705 is depicted
in Fig. 22.5B.133 Significant accumulation in the liver, bone marrow, and lymph nodes is
evident, even 6 h after the injection, where high tumor contrast was also observed.133

Quantum dots with different surface coatings retained fluorescence in vivo for at least 4
months where the localization of QDs was supported by the surface coating.134 QDs coated
with monoclonal anti-HER2 antibody in tumors could be efficiently tracked in living mice us-
ing a high-speed confocal microscope.135 Quantum dots modified with PEG-poly(lactic acid)
and functionalized with wheat germ agglutinin is a promising candidate as contrast agents
for brain imaging.136 Multiple components such as gadolinium and manganese incorporated
to QDs to create multimodal imaging agents to achieve dual mode (fluorescence/magnetic
resonance) imaging.137 The biocompatibility of hydrophobic NIR-QDs (CdSeTe/CdS) can
be improved by functionalizing with glutathione and further more with Gd3þ-DOTA
(DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid).138 Manganese-doped QDs
(anti-claudin, anti-mesothelin, or anti-PSCA-coated QDs) have been developed as multi-
modal targeted probes for confocal spectroscopic imaging to detect pancreatic cancer cells.137
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5.5 Semiconductor NPs and Upconversion NPs (UCNPs)

Semiconductor polymer dots (SPDs) are employed in biological imaging in response to their
exceptional photophysical characteristics, such as high brightness, good biocompatibility and
photostability in comparisonwith those of organic dyes,QDs and reversibly switchablefluores-
cent proteins (RSFPs). Semiconductor nanocystals such as CdS, ZnO, TiO2, andCdSe/ZnS core
shells, lanthanide-doped upconversion NPs etc. can be employed for MRI, PET/SPECT and
CT.139e141 Lanthanide-dopedUCNPswas identified as valuable tools in bioimaging. Their abil-
ity to convert low energy near-infrared (NIR) photons into high energy UV or visible emission
using multiphoton upconversion processes.142 Inorganic fluorescent lanthanide ortho

FIGURE 22.5 (A) Synthesis of QD705-RGD by bioconjugation of QD705 and RGD peptide. (B) In vivo NIR
fluorescence imaging of U87MG tumor-bearing mice (left shoulder, pointed by white arrows) injected with 200 pmol
of QD705-RGD (left) and QD705 (right), respectively. Reprinted (adapted) with permission from reference Cai W, Shin DW,
Chen K, Gheysens O, Cao Q, Wang SX, et al. Peptide-labeled near-infrared quantum dots for imaging tumor vasculature in
living subjects. Nano Lett. 2006;6(4):669e676. https://doi.org/10.1021/nl052405t.
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phosphate [EuPO4 $H2O and TbPO4 $H2O] nanorods can be employed as fluorescent label in
cell biology and for cancer detection and diagnosis due to their ability to preserve their fluores-
cence in human umbilical vein endothelial cells786-O cells and renal carcinoma cells. 143

Upconversion nanoparticles (UCNPs) are nanoscale particles (diameter 1e100 nm, rare-
earth based lanthanide- or actinide-doped transition metals) that are capable of absorbing
two or more incident photons of relatively low energy and convert into one emitted photon
with higher energy.144,145 Upconversion NPs have attracted considerable research interest
because of their unique optical merits; sharp emissions, large anti-Stokes shifts, long lifetimes,
and negligible photobleaching, that make them as ideal candidates for combined applications
in biomedical fields including drug delivery, bioimaging, and cancer therapy. Bioimaging
with UCNPs involves the excitation of the UCNPs inside a sample and then detecting the
frequency-doubled emitted light. In comparison to traditional biolabels, which use Stokes
shift processes and require high photon energies,146 UCNPs utilize an anti-Stokes mechanism
that allows for the use of lower energy, less damaging and more deeply penetrating light.147

Upconversion NPs are new generation imaging probes148 that show anti-Stokes emission
on exposure of low levels of irradiation in the near-infrared spectral region, where the biolog-
ical molecules become optically transparent. Sharp emission bandwidth, longer lifetime,
tunable emission, high photostability, and low cytotoxicity are the beneficial features of
upconversion NPs for cell labeling and imaging applications. Coreeshell structured NaYF4
with a uniform silica surface coating and co-doped with lanthanide ions Yb/Er (Silica/NaY-
F4:Yb,Er) was found to be effective to track transplanted cells in a living mouse model.
Tracking was made possible with confocal imaging, spectrophotometry and inductively
coupled plasma (ICP) analysis.149 Using silica/NaYF4:Yb,Er particles, non-invasive imaging
of cells became possible within the living subject. Owing to their outstanding optical and
physicochemical properties, Lanthanide-doped upconversion NPs have become potential
agents for nano-bioimaging applications.150 Designing of the novel UCNP-based luminescent
nanoplatform for whole-body imaging and multimodal cancer imaging in vitro and in vivo is
promising applications in this field.151e153

5.6 Gadolinium-based NPs

Gadolinium hexanedione NPs (GdH-NPs) was developed as MRI contrast agent to
monitor the tissue biodistribution of transplanted stem cells, there by understanding the
cellular migration after transplantation. Human mesenchymal stem cells (hMSCs) easily
and spontaneously internalized GdH-NPs by endocytotic pathway leading to high accumu-
lation in cells. Then it was easier to track these cells using clinical MR scanners. Gadolinium
hexanedione NPs are more advantageous than commercial gadolinium diethylene triamine
pentaacetic acid (Gd-DTPA) due to its appropriate size (140 nm), and greater image enhance-
ment ability with low concentration (10 mg/mL). Besides that the GdH-NPs synthesized by
microemulsion process were nontoxic and did not affect differentiation potential of hMSCs.
TEM results show that GdH-NPs can be used to label hMSCs in vitro without altering cell
quality. Data reveals that the new GdH-NPs are promising as stem cell tracking probe which
hold better signals in cellular MR image.154

Biocompatible nanotemplates (130 nm) on which gadolinium ions (Gd3þ) were engineered
so as to make a uniform distribution of Gd3þ on the surface. These Gd3þ ions on the surface
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make the NPs not only hemocompatible but also increase the accessibility to enzymes thereby
inducing relaxivities in the bulk water signal. This feature makes them valuable as next-
generationMRI tumor contrast enhancement agents.155 The water-proton relaxivity properties
and intermolecular nanoclustering behavior of gadofullerene derivatives reveals their suit-
ability as MRI contrast-enhancing agents.156

When compared to conventionally used contrast agents, the gadofullerenes and gadonano-
tubes are having high T1 relaxivity and are found to be biologically stable, less toxic and give
longer retention time in vivo. Their target specificity can be modified easily as they are more
prone to chemicalmodification with antibodies, peptides, drugs, etc. Possessingmany favorable
characteristic features such as cellular-translocating abilities,nanosize, superparamagnetism and
external derivatization potential, gadofullerins, and gadonanotubes are promising agents to
develop as MRI-delivery capsules. Because of their biocompatible nature, long residency
time, and less toxicity gadofullerenes and gadonanotubes are potential to be employed in smart
MRI, blood-pool, molecular-imaging, and guided-therapy probes to target hypothermia.157

Gadolinium (Gd) contrast agent along with nanoconjugates; TiO2 NPs and DNA oligonu-
cleotides were useful as ultrasensitive pH-smart probes for MRI and neutron-capture cancer
therapy.158 A liposomal-based Gd NP called dual- Gd liposomal agent has two candidates,
CE-Gd (core-encapsulated Gd liposome) and SC-Gd (surface conjugated Gd liposome). These
two together form an entity that is capable of carrying a higher concentration of Gd. There-
fore, signal enhancement per particle is greater compared to core-encapsulated and surface-
conjugated Gd liposomal agents individually.159 In vivo studies revealed that dual-Gd
liposomal agent has higher T1 relaxivity and higher signal-to-noise and contrast-to-noise ra-
tios for contrast-enhanced magnetic resonance angiography (CE-MRA). Dual-Gd liposomal
MRI agent is a promising tool for molecular imaging applications.

5.7 Silica NPs

Two types of silica NPs; solid silica nanoparticles (SiNPs) and mesoporous silica nanopar-
ticles (MSNs) are used for fabricating the multi-modal imaging NPs, according to the merit
they have and the objectives to be accomplished. MSNs are found to be good candidate
for multimodal bioimaging and theranostics because of their good biocompatibility, long
blood circulation time, ease of modification, durability, their chemical inertness, water solu-
bility, optically transparent nature, ease of preparation and free of interference with magnetic
radiation, and higher effectiveness in internalization.160,161 The viability and proliferation of
human bone marrow MSCs remained unaltered on internalization of silica NPs conjugated
with fluorescein isothiocyanate (FITC). FITC integration into the silica shell facilitated the
visualization of multifunctional NP fluorescence. Silica NPs are capable of crossing the endo-
lysosomal barrier by retaining their architectonic integrity. SiNPs are promising as novel
high-quality fluorescent nanoprobes for biological imaging analysis, particularly for tracking
dynamic biological procedures in long-term and realtime fashion. Dynamic monitoring of the
cellular behaviors of SiNPs is easier due to its strong and stable fluorescent signals in live
cells.162e165 Silicon nanostructures/nanohybrids with immense potential have been exten-
sively studied and developed for the rational designing of high-quality sensors and probes
for bioimaging and biosensing applications.166e168
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6. Conclusion

The tremendous development and merging of various related disciplines ensured NP
based imaging for tracking and monitoring of disease diagnostics and its applications in ther-
apeutics. Many of them are promising agents for fluorescent imaging and some of them have
good surface chemistry and absorption capacity to employ in X-ray and CT based imaging.
Engineered NPs with precise control over size and composition along with new
nanoparticleeconjugates are explored in MRI as contrast agents. Nanotheranostics is an
attractive platform where modalities like therapeutics, diagnostics, and stabilizing agents
combine to form an all-in-one system with comprehensive features. Hitherto, a multitude
of functionalized NPs have been synthesized, further research is required beyond nanoplat-
form construction such as efficacy, price, clinical safety, and degradation for clinical applica-
tions. The major challenges in the usage of NPs for in vivo imaging in humans are efficacy as
well as toxicity. For each type of nanomaterial, distribution, accumulation, absorption rate,
metabolic clearance, and excretion characteristics are different according to the physicochem-
ical properties and surrounding microenvironment. Surface chemistry, agglomeration,
dosage, and way of administration of NPs are other challenges. Reproducibility of these
bio-imaging nanoprobes and the binding affinity between different imaging modalities yet
to be examined and optimized. Therefore, much more efforts should be paid to address these
fundamental challenges to establish nano-based platforms for clinical bioimaging, in turn to
develop as theranostic agents.
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1. Introduction

Biomedical research has seen several developments in nanoparticles of different materials
due to the varied chemical and physical features exhibited.1 Nanotechnology has very diverse
applications in several sectors including agriculture,2,3 animal production systems,4 and food
systems,5 with remarkable prospects in animal nutrition.6 Nanotechnology addresses the
reduction in bioavailability,7 antagonistic reactions,8 and higher excretion rates9 effectively as
nanoparticles have several unique physical and chemical properties that are different from
the normal materials. Nanoparticles possess higher chemical neutrality and physical activity.
Bioavailability can also be enhanced by the synthesis of nanoparticles which increases the sur-
face area.10 There are several natural materials or systems which are in the nanoscale, such as
milk with the nanoscale spherical colloid casein micelle,11 globular proteins in the circulatory
fluids,12 bacteria, viruses, etc. Many materials having a complicated structure in the nanoscale
seem to be smooth on gross examination. Nanomaterials existed in the environment, but their
presence or beneficial effects were not known earlier which limited their applications. There
have been several advances in synthesis and characterization of nanomaterials recently, which
have fueled a boom in the study and applications of nanoscale materials.12

2. Production of nanoparticles for animal applications

Production of nanoparticles in the laboratory can be achieved through physical, chemical,
or biological methods. Each of these methods has their own advantages and disadvantages
and is suitable for specific functions.
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2.1 Physical method

Nanominerals are synthesized by various physical methods which include pulsed laser
Ablation, electric arc discharge, gas phase synthesis, physical vapor deposition, chemical va-
por deposition, evaporationecondensation, and ball milling-annealing methods. In the phys-
ical method pulsed laser ablation, the size of the nanomaterials is controlled using the laser
parameters, such as fluence, wavelength, and pulse duration. Vaporizationecondensation is
a physical method of synthesis which can be done using a tube furnace.13 Evaporatione
condensation can also be done together with laser ablation14 for physical synthesis.15 Ball
mills are used to grind materials to nanosize for use in livestock nutrition.16 High-energy
ball milling technology exposes a definite quantity of materials to repeated action of hitting
balls. This method is used for synthesizing nanominerals, providing higher efficiency than
conventionally used mills.17 Physical methods of synthesis have the advantage of being
free from solvent contamination, while there is maximum recovery of nanominerals.18

2.2 Chemical method

Chemical methods of synthesis are mostly used to produce nanominerals for animal feed
inclusion as it is cheap and less time consuming.19 Chemical methods have been preferred
over physical method because the chemical reduction of mineral salts is more suitable to
reduce the particle size. The nanoparticles produced using physical methods have a wider
range of particle size, while it is more uniform in chemical methods.20 Hence, using chemical
methods, effective and controlled production of bulk quantity is possible. Reduction of min-
eral salts by chemical methods is the most convenient way to reduce the size of the particles.21

However, there is a chance of toxicity caused by the chemicals that are used for synthesis.
Hence, eco-friendly chemicals of plant and fungal origin are used as reducing agents to syn-
thesize nanomineral particles and it is called green synthesis.22 Transition metal colloids can
be synthesized by the chemical reduction of transition metal salts, photochemical, sonochem-
ical or thermal decomposition, reduction, displacement of ligands from organometallics, and
electrochemical reduction.20

The role of zinc oxide (ZnO) in industrial sector has been a topic of research due to its fasci-
nating antibacterial properties. Fabrication of ZnO nanoparticles by sol-gel method has been
reported by Husna et al.23 Mild sol-gel method can be used for the fabrication of ZnO nanopar-
ticles from the precursor of zinc acetate. These ZnO nanoparticles are assessed using Fourier
Transform Infrared to find the characteristic peak shown byZnO. scanning electronmicroscopy
(SEM) is used to study the structure of the nanoparticles and estimate its particle size.

2.3 Biological method

The synthesis of nanoparticles through biological methods can be used for various applica-
tions. Nanotechnology critically needs the development of eco-friendly processes which are
reliable for the synthesis of nanoparticles of metal oxides.24 Metal nanoparticles of various
shape and size can be synthesized usingmicroorganisms such as bacteria, actinomycetes, fungi,
and yeast.25 Green synthesis of mineral nanoparticles is an efficient, easy, and eco-friendly
approach.19 This process has also been found to reduce the toxicity involved in chemical
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synthesis.26 Methods of biosynthesis of nanoparticles using either plant extracts or microorgan-
isms are now emerging as an effective alternative to the physical and chemical synthetic
methods.27 Several plants, algae, bacteria, fungi, and viruses have been found to be effective
for the energy efficient production of mineral nanoparticles that are not toxic and inexpensive.28

Synthesizing nanominerals using plant materials is simpler and has an upper hand as
there is only a single synthesis procedure, the product recovery is easy from the final solu-
tions, the process is eco-friendly, not toxic, compatible for biomedical applications, and
cost effective.29 Metal nanoparticles have been synthesized successfully from Carica papaya,30

Aloe vera,31 Avena sativa,32 Sesbania drummondii,33 and latex of Jatropha curcas.34 Even though
there are several advantages, difficulty in product recovery, maintaining the culture and cul-
ture media, and time taken for the formation of nanoparticles are among the main disadvan-
tages of biological method of mineral nanoparticle synthesis.19

3. Biomedical applications of nanoparticles

Several promising biomedical applications of nanoparticles that are used extensively are
documented here. They have been schematically represented in Fig. 23.1.

3.1 Imaging

There are several research findings showcasing the advantages of nanoparticles in human
and animal imaging technologies. The superparamagnetic iron oxide nanoparticles (SPIONs)
are increasingly used in magnetic resonance imaging (MRI) of hepatocellular carcinomas.
SPIONs are also being applied in magnetic fluid hyperthermia treatment for cancers in addi-
tion to their ability for magnetic targeting of drugs.35 Nanoparticles of iron, gadolinium, and
manganese were applied as contrast agents for MRI and positron emission tomography im-
aging.36 In a study using a mouse model, biodegradable polybutylene cyanoacrylateebased
nanoparticles coated with polysorbate 80 were tried as contrast agent carriers for passing the
bloodebrain barrier and visualizing amyloid plaques.37

3.2 Antimicrobials

The use of nanoparticles in treating bacterial infections is gaining importance. Certain
nanopowders have strong antimicrobial properties. They can destroy more than 90% of bac-
terial species which come in contact. The use of silver and gold nanoparticles for coating sur-
gical implants especially in orthopedic implants has been reported to provide an efficient
antimicrobial cover.38 Moreover, 100 nm nanoparticles of silver and titanium dioxide have
been selected as effective coatings for surgical masks due to their antimicrobial effects.39

Furthermore, the development of effective vaccines against bacteria using antigen-coated
nanoparticles is an emerging field in biomedical research.40

3.3 Immunology

Calcium phosphate nanoparticles act as adjuvants for viral agents, as a major alternative
for aluminum salts.41 Viral vaccines with calcium phosphate as an adjuvant show a higher
immunoglobulin G but a lower immunoglobulin E response when compared with alum-
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based vaccines.41 Antigen conjugation to the surface of nanoparticles initiated B-cell activa-
tion. Nanoparticles coated with cellular membrane have been found to control toxins that
damage cell membranes and divert their action far from their targets. This mechanism
ensured an effective presentation of the antigen while removing the virulence of the toxin.40

3.4 Wound healing

Self-assembling nanofiber scaffolds of peptides enhance the regeneration of axons at the
site of an injury. Damaged optic tract was restored in a hamster using peptide nanofiber scaf-
fold presenting a new biomedical technique for repair and restoration of tissues and espe-
cially the repair of central nervous system.42

3.5 Osteosynthesis

Topographical signals can be transmitted by electrically conductive nanofibers leading to the
degradation of the scaffold and simultaneously facilitating the repair of skeletal tissue. These
scaffolds can stimulate osteosynthesis while triggering little immune response. There have

FIGURE 23.1 Biomedical applications of nanoparticles.
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beenmany innovations in the process of manufacturing scaffolds with electrospinning. The hy-
drophobic characteristics of polymeric nanomaterials have been overcome using surfactants.
There have been developments in structure of scaffolds like that of cotton wool. New combina-
tions like chitosan and silk fibroin composites result in the production of proosteogenic proteins
like bone morphogenetic protein (BMP-2) which indicates bone stimulating effects.43

3.6 Drug delivery

Several nanomedicines have been developed for the treatment and prevention of infectious
diseases which affect the nervous system. Antimicrobial drugs which are nano formulated
can be used to target the brain endothelial cell receptors promoting its transfer across the
bloodebrain barrier. The most appropriate ligand is coated on the nano-formulated antimi-
crobials and it can be administered systemically. It will find and bind to a bloodebrain bar-
rier cell or an appropriate carrier cell that would transport it across the barrier. Once it passes
the barrier, the drug can be released by the free nanoparticles or macrophages controlling the
microbial infection. The infections which affect the central nervous system for which nanome-
dicines are being developed comprise bacterial meningitis, rabies, malaria, and HIV.44 Tar-
geted delivery of therapeutic agents to tumors using nanoparticles responsive to magnetic
fields improved the drug levels in the tumor compared to drugs with no magnetic property.
MRI of viable xenografts and SEM show that silica-coated nanoparticles responsive to mag-
netic fields can be magnetically guided and their extravasation increased dramatically.45

Employment of magnetically responsive nanoparticles (MNPs) for targeting the therapeu-
tics to tumor sites has been reported by Klostergaarda et al.46 Magnetically responsive nano-
particles, particularly superparamagnetic iron oxides, are reported to enhance the drug levels
in the tumor compared to normal drugs in efforts to overcome tumor resistance. Hence, MNPs
were injected on mice with orthotopic tumors and tracked by MRI and SEM both indicated
successful tumor localization of MNPs. MNPs were also modified with polyethylene glycol
(PEG) and the clearance of this compared by estimating signal attenuation in liver due to
iron accumulation. The results suggested that PEG substitution could retard the rate of
MNP plasma clearance, which may allow greater magnetically enhanced tumor localization.46

4. Potential application of nanoparticles in animal production

The use of nanoparticles for applications in animal production has been an emerging field of
research. Nanoparticles have several beneficial applications in animal production like molecu-
lar biological agents, reproductive aids, diagnostic tools, biocides, drug and nutrient delivery,
and nutraceuticals.47 There aremany functionalized nanoparticles which are efficient agents for
the cellular transfer of diagnostic and therapeutic compounds.48 Plasmid encoding, fluorescent
reporter nanoproteins can be used for genetic manipulation.49 Nanoparticle-bound antibodies
or lectins recognize damaged spermatozoa via surface markers resulting in their purification.50

Bacterial cell walls get destabilized by nanopolymers disrupting the homeostasis of the organ-
ism making it lethal and resulting in antibacterial action.51 Antibiotics can be loaded on nano-
polymers, which in turn shuttle the antibiotic to the target site or its close proximity.52

Nanopolymers can be conjugated with metal nanoparticles to obtain a combined nutrient
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delivery.53 Gastric degradation of nutrients can be prevented by nanopolymer encapsulation
resulting in increased intestinal absorption.54 Metal nanoparticles having magnetic properties
are used as diagnostic tools for MRI by dispersing them throughout the body.55 Methotrexate
conjugated fluorescent carbon nanoparticles have been successfully used for drug delivery, tar-
geting lung cancer cells for diagnostic imaging.56 Using surface markers on the spermatozoa
that are recognized by nanoparticle-bound antibodies or lectins has shown improvement in
the reproductive ability by identifying and removing damaged sperms.50

5. Minerals in animal nutrition

Minerals are essential for digestive and biosynthetic processes which lead to the growth of
animals. Minerals are classified into two classes based on their dietary requirement. The ma-
jor or macrominerals are calcium (Ca), phosphorus (P), magnesium (Mg), sodium (Na), po-
tassium (K), sulfur (S), and chloride (Cl) and trace minerals or microminerals, which are
iron (Fe), copper (Cu), zinc (Zn), cobalt (Co), selenium (Se), manganese (Mn), and iodine (I).

The macrominerals Ca and P are responsible for improving the texture and tensile strength
of the bone in growing animals. Ca plays an important role in making animals metabolically
and physiologically active. It is also an integral part of nerve impulses and nerve transmis-
sion, blood coagulation, muscle contraction, secretions of the digestive system, and hormonal
balance in the body. P is involved in cell wall components and part of cell contents as phos-
pholipids, phospho-proteins, and nucleic acids. Mg is involved in several biochemical pro-
cesses. The action of this mineral is strongly associated with Ca and P. The Na and K
regulate cellular fluid volume, acid base equilibrium, and active transport of nutrients across
the cell membrane. Cl is essential for the transport of carbon dioxide and oxygen.

The microminerals Fe, Cu, Zn, Co, Mn, I, and Se are essential for several body functions.
The Fe forms an integral part of hemoglobin and is necessary for oxygen transport to the cells.
Cu is essential for the synthesis of hemoglobin, heart functions, and bone metabolism. Zinc
can reduce the stress in animals and thereby increase milk production. Selenium is added
in feed as a potent antioxidant, to enhance the fertility rate and to improve immunity against
infectious diseases. Cobalt deficiency has been found to cause rough hair coat, stumbling gait,
and reduction in immunity. Manganese deficiency can result in skeletal abnormalities and
reproductive inefficiency. Iodine is essential for synthesis of thyroxin, which regulates meta-
bolic rate of body.

Nanominerals used as feed additives in livestock feed yield favorable responses in growth,
immunity, and reproduction. It enhances growth, immunity, and improves the feed efficiency
of the animals and poultry.

5.1 Nanominerals as feed additives

Mineral intake in adequate levels and its effective absorption is essential for several meta-
bolic functions including immune response to pathogenic challenge, reproduction, and
growth. Mineral supplementation is essential in order to achieve optimum production in cur-
rent animal production systems. The growth and reproduction rate of animals also get
reduced due to the deficiency. As the status of trace minerals declines, the immunity and
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enzyme functions are also affected. Several experiments on dietary supplementation of nano-
minerals and their effects on various metabolic processes are discussed here.

5.1.1 Nano calcium

Ca is a very essential macromineral having vital functions in the body of all animals. It is
the most abundant mineral in the body and mostly found in the skeletal system. Dietary
intake of calcium carbonate (CaCO3) is very essential for normal bone condition, nerve im-
pulse transmission, muscle contraction, blood clotting, and also maintaining the cell integrity.

Ovariectomized rats, fed with nano Caenriched milk, showed a better total alkaline phos-
phatase ratio, mineral density in the bones, as well as reduction in bone resorption.57 Nano
CaCO3 supplementation in poultry feed has shown beneficial effects in the growth and pro-
duction performance with better shell thickness and specific gravity observed in the eggs.58

Nano CaCO3, which was studied by inclusion in the purified diet of rat models, was pre-
pared by particle milling for 20 h at 1000 rpm. The particle size obtained was in the range of
2e50 nm. The samples that were examined by X-ray diffraction revealed that the crystalline
phase increased with an increase of CaCO3 concentration.

59 Various actions of nano Ca are
presented in Table 23.1.

TABLE 23.1 Actions of calcium and copper nanoparticles when used as feed additives in animal feed.
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5.1.2 Nano copper

Cu is a trace mineral and indispensable in animal nutrition. It has a significant role in syn-
thetic processes like the synthesis of hemoglobin, vasculogenesis, and angiogenesis. It also
acts as a catalyst in the metabolic reactions. Cu directly influences the hepatic cholesterol syn-
thesis by reducing hepatic glutathione concentration.60 Cu is essential for normal functioning
of the metabolic reactions in the organism, while its daily requirement is low.

It was found that the digestibility coefficient of Cu, hemoglobin, and the antioxidant status
of fresh breast meat increased in turkeys which were fed Cu nanoparticles when compared
with those maintained on Cu sulfate supplements.61

A comparative study of eggs that are injected in-ovo with 50 ppm colloidal Cu nanopar-
ticles and those injected in-ovo copper sulfate when incubated revealed that the use of
colloidal Cu nanoparticles resulted in an increase in hematocrit value, and improvement in
the leukocyte count. However, the glucose and cholesterol levels in the serum were reduced.
The Cu nanoparticles had a positive effect on body weight gain, feed conversion ratio, carcass
content of muscles, and meat characteristics of broiler chicken. Thus, nano Cu may be consid-
ered as a potential replacement of Cu salts.62 The actions of Cu nanoparticles as a feed addi-
tive are depicted in Table 23.1.

5.1.3 Nano zinc

Zinc nanoparticles supplemented in feed has been found to enhance growth. It has also
improved the feed conversion efficiency in piglets.63 The growth rate, serum glucose, and
alkaline phosphatase in poultry was better on Zn nanoparticle (ZnNP) supplementation.64

ZnO nanoparticles improve the immunity of the animals, reducing the somatic cell count
in subclinical mastitis and increasing the milk production in lactating cows.65 Broilers orally
supplemented with ZnO nanoparticles had a significantly lower serum cholesterol level
when compared with the other groups.66 Incidence of diarrhea is significantly reduced
when supplementing ZnO nanoparticles in the diet.67

Broiler chicken fed a diet supplemented with nanoparticles of ZnO had high superoxide
dismutase and catalase levels but reduced concentration of malondialdehyde (MDA) when
compared with the inorganic ZnO fed group. ZnO nanoparticles supplementation in the
diet showed a rise in the total lymphocyte count, macrophages, and serum IgY compared
to the control, resulting in a better immune status. IgY antibody concentration was observed
to be higher in birds supplemented with ZnO nanoparticles. The phagocytic index was also
observed to be better in the groups supplemented with ZnO nanoparticles.68 Broilers supple-
mented with ZnNPs showed better growth performance, feed conversion ratio, and dressing
percentage with a reduction in the cost of production.69 The functions of Zn nanoparticles
have been summarized in Table 23.2.

ZnNPs can change the kinetics of rumen fermentation in ruminants and also alter the per-
centage of the volatile fatty acids produced.70 ZnO nanoparticles supplemented in vitro dis-
played an enhancement in the growth of rumen microbes, microbial protein synthesis in the
rumen, and efficiency in energy utilization in the early phase of incubation.71

A higher level of Zn concentration in the spermatozoa of buffaloes is essential for their
viability and fertility.72 Zn deficient nutrition can result in reduction in the male fertility
due to the poor quality of sperms.73 Zn-deficient diets were found to cause an increase in
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abortions in pregnant sheep.74 Thus, dietary supplementation of ZnNPs can possibly elimi-
nate these reproductive disturbances and thus improve the economics of farming. A tabular
representation of the actions of ZnNPs is given in Table 23.2.

5.1.4 Nano iron

Nano iron (Nano Fe) compounds which were synthesized by scalable flame aerosol tech-
nology have better iron bioavailability in vivo in rats when compared to FeSO4. This results
in far lesser color change in food matrices than that of conventionally used iron fortifiers.
Stainable Fe could not be detected in the gut wall, gut-associated lymphoid tissue, or other
tissues of rats which were fed with nano Feecontaining compounds, suggesting no adverse
effects. Preparing nanoparticles of Fe compounds having poor water solubility increases their
absorption and bioavailability when fed orally, thus improving their nutritional value.10 Rats
fed nano ferric phosphate did not have any adverse histological effects, enabling its use as
feed additives.75

The better bioavailability of iron nanoparticles added to the feed of poultry is due to the
high surface activity and penetration into cells. Various activated processes improve the
intracellular metabolism. The broiler chicken feed containing nanoparticles of iron at half
the dose of ferric sulfate fulfills the requirement of the birds.76

TABLE 23.2 Actions of nano iron and nano selenium when used as additives in animal feed.
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Feeding of iron nanoparticles in-ovo led to an increase in the intestinal weight in broilers.
The caecum and duodenum length increased on in-ovo injection of iron nanoparticles. The
width of the villi in jejunum and the surface area were higher in this group of chicken.77 It
has been depicted in Table 23.3.

5.1.5 Nano selenium

Selenium is an efficient antioxidant which prevents lipid peroxidation.78 Hollow spherical
selenium nanoparticles (SeNPs) showed antioxidant properties at lower dietary inclusion
levels, which reduced the risk of selenium toxicity.79 SeNPs were shown to have antioxidant
properties and lower toxicity than selenomethionine.80

SeNPs have shown an immunostimulating potential which is stronger and faster than
Na2SeO3 when compared with the antioxidant defense system. This is due to an increase
in the chemotactic and respiratory burst activities of neutrophils.81

The viability of Candida albicans in humans has been significantly reduced after exposure to
SeNPs-enriched Lactobacillus spp. This indicates an increase in the antifungal activity of the
bacterial strains by means of enrichment with SeNPs, preventing a pathogenic fungal infec-
tion in immunocompromised individuals.82

The administration of nanoselenium has been found to reduce hepatic carcinoma in mice.83

Lung tumor could be prevented by the use of 1,4-phenylenebis (methylene) selenocyanate.84

Cancer cells sensitized to selenium were found to show better response to conventionally
used anticancer drugs. Selenium sensitized prostate cancer cells underwent apoptosis
induced by the anticancer drug paclitaxel.85 Poultry reared on nanoselenium supplemented
diets were found to have a higher body weight, better feed consumption, improved immu-
nity status, and good tissue selenium deposition.84

TABLE 23.3 Actions of nano iron and nano selenium when used as additives in animal feed.
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Meat type poultry reared on diets supplemented with SeNPs showed an increase in the
gutathione peroxidase (GPX), superoxide dismutase (SOD) and catalse, which indicated an
improved immune status of the birds.86 Layer chicken reared with SeNPs supplementation
in feed showed also a better cellular and humoral immunity. The inclusion in feed was
also found beneficial improving the body weight, feed consumption ratio, antioxidant status,
immunity, and tissue Se deposition in grower birds.87

The dietary inclusion of SeNPs has a beneficial effect in environmental protection by preven-
tion of pollution caused by the excessive use of inorganic selenium in feed.88 SeNP supplemen-
tation in the diet produced better rumen fermentation and feed utilization in cattle and goat. The
rumen microbial activity, activity of digestive microorganisms, and the enzyme activity were
found to be improved in the SeNPs.89 These actions have been summarized in Table 23.3.

5.1.6 Nano silver

Silver nanoparticles (AgNPs) show antibacterial properties against both Gram-positive
and Gram-negative bacteria which have encouraged its use as an antibacterial agent in
certain coatings.90 As the size of AgNPs decreases, their efficacy as an antibacterial agent in-
creases caused by an increase in the concentration of Ag þ ions produced.91 AgNPs at a dose
of 0.5 mg/kg body weight injected in rabbits resulted in a lower plasma total cholesterol and
triglycerides concentration than the values observed in the control rabbits. The treated rabbits
had low total antioxidant capacity and high glutathione peroxidase and MDA.92

5.1.7 Nano chromium

Chromium (Cr) is an essential trace mineral widely distributed in the body. It acts as a
glucose tolerance factor reducing the glucose level in the blood for maintaining normal blood
glucose level.93

Cr nanocomposites (CrNPs) have high bioavailability due to its high surface area. Pigs
supplemented with Cr nanocomposites showed better carcass characteristics, pork quality,
and an increase in the Cr deposition in the muscles. The dietary supplementation of CrNPs
reduced back fat thickness and carcass fat percentage in pigs. It increased the area of longis-
simus muscle. The weight of longissimus and semimembranosus muscles significantly
increased in the CrNPs fed groups compared to the Cr picolinate. Drip loss in the meat
decreased in pigs fed CrNPs.94

CrNPs added to feed were found to significantly reduce the serum levels of glucose, urea
nitrogen, triglyceride, cholesterol, and noneesterified fatty acid. The total protein, high-
density lipoprotein, and lipase activity were significantly higher in pigs offered diets contain-
ing CrNPs signifying the favorable health effects. The serum insulin-like growth factor level
also increased. The cortisol and insulin levels were significantly reduced. The immunoglob-
ulin M and immunoglobulin G contents in plasma were found higher in the CrNPs supple-
mented group.95

In poultry CrNPs supplementation in diet improved the Cr and Ca accumulation in the
liver and egg. It also improved the retention of Zn and Mn in layer chicken.96 Broilers under
heat stress supplemented CrNPs at level of 1000 ppb and Cr picolinate at level of 1500 ppb
improved the lymphocyte count and antibody titers against avian influenza and infectious
bronchitis97 (Table 23.4).
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6. Toxicological effects of nanominerals

A critical fact to be considered with engineered nanomaterials is the toxicity. There are
many reports where nanomaterials have a negative impact on nontarget organs.98 Chromic ox-
ide, Cu oxide are some nanomaterials which were reported to cause several adverse effects on
nontarget organs leading to critical issues like tissue damage and immune status reduction.99

Nanoparticles of graphene oxide and gold were studied for their effects on the kidney in
mice after injection for 4 weeks. Serum biochemical examination using the enzymatic method
included the kidney function tests, serum creatinine, and urea.100

TABLE 23.4 Activity of silver and chromium nanoparticles when used as feed additive in animal feed.

23. Biological prospects and potential of nanoparticles in animal nutrition536

IV. Biomedical applications of nanomaterials



Esraa et al. studied the impact of nanoparticles in animals particularly in weight and kidney
condition. Kidney tissues of all groups of mice were subjected to histopathological examination
to observe changes in the glomerular and renal tubular epithelial cells. The results of the exam-
ination of both the treated and control groups showed no significant changes which suggests
that the toxicity, e.g., atrophy of the glomerular and tubular epithelial cells is very low.100

Chicken supplemented with nano-ZnO in the feed at the rate of 100 mg/kg produced eggs
with very thin shelled eggs. The addition of ZnNPs in feed was found to adversely affect
bone mechanical properties like shear force and shear stress force.101 ZnNPs supplemented
lambs showed reversible hepatocyte swelling, while irreversible changes like eosinophilic he-
patocyte necrosis and multifocal interstitial nephritis were also observed which are severe
toxic changes.102

AgNPs were found to be toxic to human lung cells irrespective of the particle coating. Inha-
lation of AgNPs and the subsequent intracellular release of Agþ ions have toxic effects.103

7. Conclusion

Nanotechnology has evolved with several developments, with major applications in the
livestock industry. The various methods employed for the synthesis of nanoparticles for mul-
tiple applications and their environmental effects are discussed in this chapter. Advances in
biomedical applications of nanoparticles are elaborated with special reference to the current
trends in animal production and the livestock industry. The use of nanoparticles in the tumor
therapy, tumor imaging, targeted drug delivery, antimicrobial activity, and surgical implants
is dealt with. This chapter also offers an overview of the functions of minerals and applications
of nanoparticles in animal nutrition with a detailed insight into nanominerals. There is ample
opportunity for further development and research in the field of nutritional supplements. The
challenges, safety risks, and limitations associated with the toxicity need to be addressed
through further research to enable efficient utilization of nanoparticles in animal nutrition.
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1. Introduction

Carbohydrates are a vital part of fundamental classes of biomolecules present in all cell
membranes and walls, their study can help to understand cell biology and to discover new
therapeutic and diagnostic approaches. Carbohydrates are involved in many biological pro-
cesses, such as cell adhesion, cancer metastasis, immune response, and intracellular traf-
ficking, which are guided by carbohydrate-protein interactions.1 Understanding of the
glycosylation pattern variation in intracellular and membrane proteins as well as of proteins
in biological fluids have revealed direct links between glycosylation and various
pathologies.2e6 Glycans with huge structural diversity are much less studied compared to
proteins and nucleic acids. Therefore, the complicated task of their exploration determines
the scope of effective tools for detecting carbohydrate structures and their changes under
various physiological and pathological conditions.7 Because of significant drawbacks in
glycan detection and identification methods, the use of carbohydrate-binding proteins be-
comes a promising tool for their detection and further development of therapeutic agents.

Lectins are a group of nonimmune proteins with at least one catalytic domain that binds
either a soluble carbohydrate or the carbohydrate portion of a glycoconjugate noncovalently
and reversibly with high specificity.8 The high affinity and specificity in carbohydrate-lectin
interactions are attributed to many factors, such as lectin valence, the structure of binding
sites, their spatial arrangement, hydrogen bonding, apolar interactions, extended sites, sec-
ondary sites, and the occurrence of residual charged groups in carbohydrates, etc.9e11 Lectins
were first isolated from plants and the advancement of technologies promoted the isolation
and purification of numerous lectins from animals, microorganisms, and viruses.12,13
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Furthermore, these proteins are involved in several processes such as cell adhesion, triggering
of intracellular signal pathways, protein trafficking, and host-pathogen relation.14,15

Nanoparticles (NPs) based therapeutic agents have been widely used to solve various clin-
ical problems after several decades of technological developments.16 NPs represent a large
family of materials and most of the well-studied nanoparticles include Quantum dots, carbon
nanotubes, paramagnetic nanoparticles, liposomes, and gold nanoparticles.17 Several features
of these nanomaterials including their diverse size, hydrophilic properties, and charge char-
acteristics allow them to function as carriers for the efficient delivery and absorption of drugs.
In favor of their small diameter and sufficient design, nanoparticles can easily be accessed
and transported to different body sites such as the blood-brain barrier via the stability in cir-
culation. Moreover, NPs can carry engineered (polymeric NPs) ligand molecules like anti-
bodies or aptamers based on the target, which enables them to recognize specific cells.
These features all support the use of NPs for drug delivery.16,18,19 Various means of therapeu-
tic applications of NPs include drug delivery, gene delivery, vaccine delivery, imaging, and
antimicrobial potential.20e24 Characteristic biocompatibility, nonimmunogenicity, and non-
carcinogenicity make NPs harmless warrant tools for gene delivery.25 Another feature facil-
itating selective gene targeting is in vivo stability and the lowering of nonspecific uptake.
Even though the drugs have good therapeutic potentials, high doses of that may be required
due to the availability of low concentrations at the target site resulting in the development of
side effects. Thus, the use of a drug delivery system based on NPs enables accelerated trans-
portation to the site of action and prevents rapid clearance of drugs thereby prolonging their
existence in the body and reducing side effects.26

The focus of research in the designing of functional NPs possesses optical and bio-affinity
properties and further efforts for the preparation of functionalized delivery systems, allowing
active targeting in the field of diagnosis and therapy.27 The functionalization of nanomateri-
als with lectins or carbohydrates results in novel hybrid materials with synergistic properties,
which conglomerate the optical, electrical, and/or magnetic properties of the nanoparticle
together with the biological activity of the biomolecule.28 Carbohydrates and lectins linked
to several nanostructures, such as dendrimers, fullerenes, carbon nanotubes, metallic nano-
particles, liposomes, polymers, and Quantum dots (QDs), have already been used for pro-
tein/glycan detection, cell imaging, cell separation, enzyme immobilization, etc.28e30

Cellular uptake of ligand-anchored NPs occurs via receptor-mediated endocytosis pathways,
where the lectin or carbohydrate ligands linked to the NP is recognized by the specific recep-
tor on the targeted cell surface. Immediately after the ligand-receptor complex formation, it is
quickly internalized due to its high binding capacity leading to an efficient cellular uptake of
the ligand-conjugated NP by the desired cells. As in the case of functionalization of gold
nanoparticles with a Ribosome Inactivating Protein (RIP) such as EHL having high affinity
and specificity for Tn antigen on target cells demonstrates an opportunity to standardize
Winter Aconite (Eranthis hyemalis) plant lectin (EHL)’s biological effects.31

Cell surface glycosylation is an inevitable aspect of cell metabolism, as evidenced by the
variations in the glycosylation profiles of proteins and lipids on the surface of abnormal cells
in comparison to normal cells. Carbohydrate-binding proteins (lectins) specifically binding to
those glycoprotein biomarkers can be used for diagnostic purposes. Likewise, carbohydrate-
based therapeutic molecules can be developed to specifically target cells via endogenous li-
gands of the cells. Nanoparticles possess unique physicochemical properties, which are not
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intrinsic to the related substances in molecular form, enabling to obtain of engineered struc-
tures with multiple desired functions.32 Hence, lectin or glycan functionalized nanoparticles
exploiting the nonimmune, reversible, and specific lectin-carbohydrate interaction can be
used for the development of promising agents with strong therapeutic potential.33e37

2. Lectins

Lectins are ubiquitous natural proteins specifically and reversibly recognizing and binding
carbohydrate complexes being produced by such an ample array of different organisms from
viruses to animals.38e40 The interaction of agglutinins/lectins with biological receptor moi-
eties did not have a catalytic or immune nature. Therefore, carbohydrate-specific antibodies
or carbohydrate metabolic enzymes that cause structural changes in carbohydrate molecules
when they interaction with them do not belong to the lectin group.41 These carbohydrate-
binding molecules are able to agglutinate various cells (e.g.,.erythrocytes), and the earliest
description of the ability to agglutinate erythrocytes was believed to be by Peter Hermann
Stillmark in 1888. However, the modern era of lectinomics began almost 100 years later.
Structural studies indicated that the carbohydrate-binding activity of lectins was generated
by a limited polypeptide segment designated as the carbohydrate recognition domain
(CRD) and also, it is not a surprising fact that lectins are widely different in several aspects
according to their origin, distinct characteristics such as molecular weight, amino acid
sequencing, etc.8,42,43 Lectins are commonly categorized into two: (1) lectins that are located
intracellularly in the luminal compartments (L-type lectins, calnexin, and P-type lectin) and
(2) lectins that are secreted or confined to the plasma membrane, function largely outside
the cell, e.g., I-type lectins, C-type lectins (e.g., Gal receptors, Man receptors, selectins, or
mannan-binding proteins (MBP), or galectins.44 Even though, all lectins take part in both
normal and pathological biological processes and all have varying degrees of interaction
with the immune system.45,46

The specificity of lectin to recognize carbohydrates through carbohydrate binding sites
promotes the identification of cell surfaces attached glycans, glycoconjugates, or free sugars,
thereby detecting abnormal cells and biomarkers related to diseased conditions providing
interesting results in experimental treatments of immunological diseases, wounds, and can-
cer. Another type of lectins was reported as modulators and tool markers in vivo and
in vitro and also plays a role in the induction of mitosis and immune responses, contributing
to resolving infections and inflammations. Other areas where lectins have also been utilized
for biomedical applications, including anti-HIV, antitumoral, antimicrobial, antiinflamma-
tory, and antinociceptive activities.47 Lectins possess a significant role in diagnostics as
they serve as powerful tools in immunological studies and can be employed as immunohis-
tochemistry markers in various disease conditions. Lectin-based biosensors are useful for
profiling cell types due to the expression of aberrant glycans on diseased and transformed
cell surfaces.

Lectin-mediated bioadhesion has been a remarkable characteristic for the development of
drug delivery systems and such lectins are frequently used as diagnostic probes and tumor-
specific surface markers.48 Moreover, compared to currently available glycan profile
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detection methods, lectin-based assays assure a simple, inexpensive, and rapid alternative for
glycosylation screening of protein drugs and for clinical diagnostic purposes.49e53 The partic-
ular strategy of lectin-based Drug Delivery Systems (DDSs) is expected to improve the ab-
sorption and bioavailability of poorly absorbable drugs, peptides/proteins along with
therapeutic DNA.54 For lectin-based drug targeting, two strategies are there involving the
use of either the oligosaccharide moiety or the lectin as a component of the drug delivery sys-
tem.55 Direct lectin targeting or glyco-targeting implicates DDS possessing carbohydrates (ol-
igosaccharides or neoglycoconjugates) directed toward surface endogenous lectins for
recognition and internalization by the cell. The reverse lectin targeting approach utilizes
exogenous lectins as directing moieties that target whole DDS to glycoproteins or glycolipids
expressed on the surface of particular cells.56,57

Studies on the purification and characterization of lectins were increased after the devel-
opment of the affinity chromatography method and the advent of recombinant techniques
in the golden era of lectin research including the elucidation of physicochemical properties,
amino acid sequences, and 3D structures.8,13,58e60 The characteristic multivalency of lectin
is the main reason behind its strong avidity for glycosylated cell surfaces and also the ability
to affect membrane dynamics. Bacterial lectins are able to bind to glycoconjugates on human
tissues and are consequently thought to facilitate the first step of infection. The ability of lec-
tins for making membrane invagination indicates that they could also play a vital role in the
internalization of intracellular pathogens. In the past decades, there has been an exponential
increase in the use of lectins owing to their potential to specifically and selectively target
diverse glycosylated biological molecules with good sensitivity and has initiated very prom-
ising applications in the field of pharmaceutical sciences.61e64

The gastrointestinal route is the most convenient method for the delivery of drugs and vac-
cines because of its lower costs and patient compliance, and the supply can be made either
orally or rectally. Although the formulations such as tablets or capsules are preferred for their
relative simplicity, technologically GIT is one of the most challenging routes of administra-
tion. It is necessary to overcome diverse physico-chemical barriers that hinder the administra-
tion of active molecules orally and may result in poor drug bioavailability. The main
obstacles are enzymatic degradation, peristalsis, and stability at acid pH or resistance to
penetration on the surface of the mucosa.65 Variety of approaches are used to deliver drugs
locally into the colon via GIT, including time and pH-based systems, enzyme-triggered sys-
tems, and pressure-based systems. However, the most effective and specific ones are those
methods that rely on biologic principles, such as the methods involving lectins.66 This tech-
nique not only improves drug pharmacokinetics helping to overcome the hurdles toward
drug delivery, but also shows several advantages for the patients. The most important
ones are the prevention of side effects on healthy tissues and the increase in drug uptake
by targeted cells, which permits to reduce the drug dosage.51 The biorecognitive ligands
like lectins possess a high affinity to receptors expressed on targeted biological locations
allowing detection of the affected tissue and the release of the drug at its site of action.
Because of peculiar features of multivalency and high specificity, the engineering of lectins
allows the foundation of novel supramolecular tools, superlectins, neolectins, and Janus lec-
tins with modified architecture, valency, and specificity.
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2.1 Lectin-carbohydrate interactions

Structural basics behind the specific lectin-saccharide interactions have been obtained by
several studies using X-ray crystallography and other instrumental techniques. Specific bio-
recognition of lectin-glycoconjugate is similar to that of antibody-antigen or enzyme-
substrate interactions, which are mediated by hydrogen bonds, van der Waals interactions,
and hydrophobic binding.8,67e69 For instance, polar and less polar parts of galactose
interact with different lectins through hydrogen bonds and hydrophobic interactions
respectively.70e72 Moreover, thermodynamic studies revealed that the dominant forces sta-
bilizing the lectin-sugar complex seem to be hydrogen bonds and van der Waals interac-
tions except for limited electrostatic interactions to specific monosaccharides such as
various forms of sialic acid. Many lectins contain two or more carbohydrate-binding sites.
The binding of lectins with monosaccharides is stabilized by means of numerous hydrogen
bonds, mostly by Asp, Asn, and Gly residues. In general, lectins exhibit low affinity toward
carbohydrates (KD ¼ 10�3e10�4 mol L�1) when compared with antigen-antibody interac-
tions where KD is in the subnanomolar range.72e74 The most high-throughput analytical
techniques in glycomics comprising advanced mass spectrometry (MS) combined with
liquid chromatography; electrophoresis, and lectin/carbohydrate microarrays have been
employed to study binding profiles and distinguished changes in the glycosylation
pattern.75 When compared to techniques such as enzyme-linked lectin assay and lectin
microarrays that use labeled systems that generate color or fluorescence, biosensors can
operate in a label-free approach reducing consumption of reagents and time (by mini-
mizing steps). Even though the biosensing methods can be electrochemical, optical,
mass, and thermal based on the type of signal transduction, electrochemical biosensors
are more attractive. Electrochemical biosensors have been constructed using electrodes as
sensing surfaces and they are rapid, practical, low-cost, and user-friendly assays and are
commonly modified with polymers and nanomaterials (gold, silver, magnetic, etc.) to
improve the analytical performance and immobilization of biorecognition elements, such
as lectins.76,77 Techniques such as electrochemical impedance spectroscopy (EIS) and
voltammetry are used to measure alterations on the electrode surface and detect ligand-
analyte interaction for effective glycoprofiling of a diverse range of samples. EIS measure-
ments occur in accordance with the detection of changes in charge transfer resistance on the
sensor surface after the interactions. Instead, voltammetric techniques such as cyclic vol-
tammetry (CV), differential pulse voltammetry (DPV), and square wave voltammetry
(SWV) are based on the detection of changes in the current signals generated under the
application of potential on the electrode, in presence of a redox probe.78 Electrochemical
lectin-based biosensors are very attractive analytical tools of glycans with innumerous ap-
plications, such as cancer diagnostics,79e81 drug delivery,82 immunohistological studies,83

analysis of pathogenic bacteria,84 anti-HIV research, etc.85 through detection of biomarkers.
Moreover, variation in the spatial distribution of glycans can be analyzed as in the case of
Sambucus nigra agglutinin (SNA) recognizes sialic acid linked to galactose via an a-2,6 link-
age, while Maackiaa murensis agglutinin recognizes linkage of sialic acid to galactose via an
a-2,3 linkage.
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3. Nanoparticles (NPs) as potential therapeutic agents

NPs are made of variousmaterials such as natural or synthetic polymers, lipids latex, ceramic
particles, metal particles, and carbon particles. NPs can be used specifically either as carriers of
drugs or as therapeutic molecules based on their physical and chemical properties. Nanotech-
nology is opening new horizons in medical applications as a result of its physicochemical prop-
erties, including its chemical composition, size, shape, structure, morphology, and surface
properties.86e88 Various nanoparticles offer considerable promise as quantitation tags for biolog-
ical assays owing to their significant amplification and unique coding capabilities along with
highly sensitive bioaffinity. Reference factors for the selection of nanomaterials in clinical appli-
cations are based on their surfaces, which are either hydrophilic or hydrophobic and the exhibi-
tionof surface charge and specific ligands.89Other thansurface characteristics, the size, and shape
of ananoparticlehaveakey role in its biodistribution invivo. Inmost cases, the effects of sizehave
been studied with spherical-shaped particles, and also observed that particles less than 5 nm are
rapidly cleared from the circulation through extravasation or renal clearance.90,91

The nanoparticle size should be so optimized that it should not escape from the kidney
filtration. Drug delivery system-based nanoparticles should be large enough to prevent their
speedy discharge into blood capillaries, but they should be small enough to escape from fixed
macrophages stuck in the reticuloendothelial system, such as the liver and spleen.92 Nanopar-
ticles smaller than 10 nm, will be filtered by the kidneys. In addition, they will be captured by
the liver if they are larger than 100 nm. Thus, the optimum nanoparticle size for effective
in vivo applications is expected to be 10e100 nm. However, in vivo imaging and diagnostic
prefers NPs of larger sizes. A larger particle can be selectively delivered to tumor tissues for
therapeutic or diagnostic purposes due to enhanced permeability and retention effect.93e95

NPs have been studied by scientists to explore their value for clinical applications because
of their active role in transporting drugs to the targeted cell as an inevitable part of a drug
delivery system. When selecting materials for developing NPs to carry therapeutic agents,
several constraints of agents need to be taken into account and overcome including their
nonspecific distribution, toxicity, lack of targeting ability, poor solubility in water, and low
therapeutic index. Therefore, therapeutic agents must be designed with optimum sizes,
shapes, and surface properties to improve biodistribution, solubility, stability, and reduced
immunogenicity.96 For instance, silica-NPs and mesoporous silica NPs (MSNs) are nontoxic,
and tasteless, and do not produce pollution levels as that of nonmetallic materials.

Additionally, high absorptivity and good plasticity make them suitable for disease treat-
ment. It is also essential that metabolites or degradation products of NPs do not harm the hu-
man body or they must be decomposed and eliminated by the body effectively. For instance,
the degradation products of poly (lactic-co-glycolic acid) PLGA-NPs are lactic acid and hy-
droxy acetic acid, which are also the byproducts of human metabolic pathways, suggesting
the advantage of PLGA-NPs can be used in medical applications as biological material with
no toxic side effects. It is reported that PLGA-docetaxel-NPs were used to treat breast cancer
and their biodegradability and biocompatibility were also observed.91 The drug concentra-
tion at the targeted orthotopic pancreatic ductal adenocarcinoma site increased in mouse
models when silica was developed into MSNs further loaded with the antitumor drug oxa-
liplatin and a specific indoleamine 2,3-dioxygenase inhibitor.97
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The studies by Refs. 98,99 revealed that gold NPs (Au-NPs) designed to act as a bidentate
ligand enhanced the stability of N-heterocyclic carbene (NHC) ligands,98 and liposomes were
utilized for packaging nonwater soluble drugs exploiting their excellent water solubility, are
NPs relatively efficient carriers of short genetic sequences that directly insert genes into cells
for assembly.99 Optimized ionizable cationic lipids are a significant factor for the successful
phase III clinical trial of lipid NPs (LNPs) siRNA formulation. Furthermore, the Food and
Drug Administration (FDA) approved the use of LNPs for the treatment of the hereditary
condition transthyretin (TTR) mediated amyloidosis in 2018. At present, numerous ionizable
lipids are under clinical research for utilizing in the treatment of various diseases, including
cancer and viral infections.100 Moreover, designing appropriate nano drugs for varied envi-
ronments is crucial to suit different pathophysiological conditions, such as the spatial varia-
tions in the tumor microenvironment (TME) pH. The cationic nature of chitosan molecules
containing free amino acids, can easily form salts in acidic solutions making them suitable
as drug carriers for antitumor drugs in an acidic TME and for drug release after
degradation.101

The functionalization of NPs with specific chemical moieties, called as ligands, results in
the advent of multifunctional conjugates of immense biomedical applications, especially
drug delivery, cancer therapy, tissue engineering, molecular biology, etc.102 Ligands can be
categorized based on their functions, such as stabilization, targeting, imaging, antiimmuno-
genics, and biocompatibility enhancement. Lectins are proteins found on the surface of
certain cell types as receptors for binding specific sugar moieties. For instance, galactose-
specific lectins and mannose-6-phosphate-specific lectins are found in the hepatic cells of
mammals. Where as, another mannan-binding lectin, is distributed on the surface of immune
cells. In addition to their own functions in the liver and immune system, these lectins may be
exploited for drug delivery. As a major component of most cell surfaces, carbohydrates such
as glycoproteins and glycolipids act as ligands for different receptors such as the lectins and
participate in various cell-cell interactions. The ligand-carbohydrate interaction can thus be
used in the drug delivery application in two ways.103 There are two strategies to develop
nanoparticle-based therapeutic agents based on lectin-carbohydrate interaction: (i) Direct lec-
tin targeting, where the nanoparticle-bound drug is conjugated to a carbohydrate residue
forming a glyconanoparticle drug to target cell surface lectins to achieve better efficacy of
the drug. For example, intra-peritoneal administration of a mannan-methotrexate conjugate
enhanced antitumor potential in leukemic mice,104 (ii) In reverse lectin targeting, the nanopar-
ticle is linked to a lectin (i.e., the lectinized nanoparticles), which in turn facilitates targeting of
cell surface carbohydrate residues. For example, lectin-attached solid lipid nanoparticles
(SLNs) are used in the delivery of insulin.105

4. Lectin-linked nanoparticles

Lectins can be used in the biomedical field either as diagnostic agents or as therapeutic
agents. Targeted therapy is most probably the most challenging and worthwhile application
of lectins in therapy. There are two ways in which lectins are used in targeted therapy, the
first method involves the targeting toward cell surface glycans (reverse lectin targeting),
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while the second method uses direct lectin targeting (where the targeting agent glycan has an
affinity toward endogenous cell lectins).105 Conventional methods, that have been used for
studying carbohydrate-protein interactions were fluorescence spectroscopy-based ap-
proaches and enzyme-linked lectinosorbent assays (ELLA).106,107 An important property of
high sensitivity, promotes the most often use of fluorescence labeling in protein-
carbohydrate interaction-based assays. However, delay in obtaining results due to the
involvement of several time-consuming steps like labeling, incubation, and washing facili-
tates the rise of NPs as a potential tool with the ease-of-modification and good
biocompatibility.108e110 The functionalization of therapeutic nanoparticle constructs with li-
gands or biomolecules like lectins or glycans can enable targeted intracellular delivery of
drugs, proteins, and genetic materials. Furthermore, NPs protect bioactive molecules from
degradation in the physiological environment as well as permit controlled and targeted
release of the drug. The emergence of various kinds of uncontrolled/overexpressed glycan
moieties like N-acetylglucosamine and sialic acid moieties represent an unusual feature of
cancerous cell membranes, and therefore, lectins specifically recognizing glycans (e.g., wheat
germ agglutinin (WGA) have been used as drug carriers and potential antineoplastic drugs in
biology and medicine.111e114

Lack of early diagnosis, drug-resistance, metastasis, and recurrence are major problems
that are associated with human malignancies.39,40 Recently, this has been noticed from cancer
statistics data that human cancers are one of the main causes of death as compared to other
diseases throughout the globe.41,115e120 Human malignancies are one of the major concerns
for medical health providers. Potential challenging factors related to lectins for successful
implementation in therapeutic fields might be their poor stability, unspecific binding, and dif-
ficulties in production and purification.121,122 Moreover, the degree of difference in the
expression of glycans or glycan-binding proteins (lectins) could be exploited for the identifi-
cation of novel biomarkers and might offer novel prospects for therapeutic intervention. In
this context, the current study intends to explore the overall relevance and importance of lec-
tin/glycan functionalization of nanoparticles such as AuNps, AgNPs, Magnetic NPs, Quan-
tum dots, liposomes, etc. in the healthcare field for pharmacological delivery of multimeric
glycans, lectins or selective inhibitors of lectin-glycan interactions with therapeutic effect.

4.1 Gold nanoparticles (AuNPs)

4.1.1 Lectin linked AuNps

In recent years colloidal gold nanoparticles (AuNPs) have long been exploited in science
for their optical properties and are used routinely in both material science and biomedical sci-
ences as bioimaging agents, therapeutic agents, and drug delivery vehicles.123e126 The possi-
bility to functionalize AuNPs with both therapeutic and imaging agents simultaneously
makes them a powerful tool in cellular studies.31 Gold nanoparticles can be functionalized
with the lectin found in the tubers of the Winter Aconite (Eranthis hyemalis) plant (EHL) is
a Type II Ribosome Inactivating Protein (RIP) with high affinity and specificity for target cells
expressed with Tn antigen to fine-tune EHL’s biological effects. Results obtained after suc-
cessful synthesis of bioconjugated citrate gold nanoparticles (AuNPs@Citrate) with EHL indi-
cated that an effective functionalization was attained by the addition of 100 mL of EHL
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(1090 � 40 mg/mL) over 5 mL of AuNPs ([Au0] ¼ 0.8 mM). The conjugates analyzed by UV-
Vis spectroscopy, Dynamic Light Scattering (DLS), Zeta Potential analysis, Transmission
Electron Microscopy (TEM), and biological assays on the effect of AuNPs@EHL with Caeno-
rhabditis elegans, a free-living nematode commonly used for toxicological studies showed that
EHL can be conjugated to gold nanoparticles retaining its elements of biocidal activity.127

Another study that has been reported for photodynamic therapy involved a gold nanopar-
ticle functionalized with polyethylene glycol (PEG) conjugated jacalin bearing hydrophobic
zinc phthalocyanine photosensitizer (C11Pc) moieties, inferred strong phototoxicity in HT-
29 human colorectal adenocarcinoma cells (95%e98%) mainly due to the specific interactions
between jacalin and the T-antigen (a Thomsen-Friedenreich antigen) expressed on the cell
surface.128 Cancer cell targeting using the jacalin can selectively deliver C11Pc-PEG gold
nanoparticles to HT-29 cells with overexpressed T antigen. MTT viability assay showed
that HT-29 colon cancer cell viability was reduced drastically on treatment with the jacalin
conjugated nanoparticles compared to the nonconjugated particles. At a nanoparticle concen-
tration of 1.15 mM C11Pc equivalent, jacalin targeted Photodynamic therapy (PDT) led to an
exceptional reduction of 10% in HT-29 cell viability while incubation in the dark and nontar-
geted PDT treatment was noncytotoxic.129 Similarly, as evidenced by the strong accumulation
of Ricinus communis agglutinin (RCA) -conjugated gold nanoparticles onto HeLa cells, there is
the possibility of the use of such conjugates for developing targeted drug delivery system
against cervical cancerous cells.130

The ability to synthesize a nanoconjugate with the advantageous ability to bypass the
blood-brain barrier (BBB) and selectively target neurons opens the door for numerous appli-
cations. It is demonstrated for the first time a three-part AuNP nanoconjugate engineered to
deliver drugs, 1,3-dimethylxanthine (THP) and 1,3-dipropyl-8-cyclopentylxanthine (DPCPX),
to a specific group of neurons mediated by wheat germ agglutinin (WGA) uptake. The
AuNPs acts as a carrier to link the wheat germ agglutinin horse radish peroxidase (WGA-
HRP) to the drug via a biodegradable ester bond and after intramuscular injection, the ester
bond enables in vivo drug release in the cervical spinal cord and medulla nuclei targeted by
WGA-HRP. Several in vivo studies are in progress to fully characterize the dose-response of
both THP and DPCPX versions on the nanoconjugate as well as the short and long-term bio-
distribution and biological effects of the AuNPs. Injection of WGA-nanoconjugates into
selected muscles would aid the release of the drug of choice to the associated motoneurons.
Hence, there is significant relevance for the application of this potential engineered nanocon-
jugate across many neuromuscular disease and injury models.131

The results obtained by the additional linking of lectins to antibody-functionalized AuNPs
for determining the levels of serum glycoprotein biomarkers established a generic platform
for rapid, sensitive, and visual detection of glycosylation variations. In this work, an initial
dynamic light scattering (DLS) study identified specific glycoprotein-lectin interactions solely
present in the serum of hepatocellular carcinoma (HCC) patients compared to healthy con-
trols that showed the altered fucosylation in Serum a-1-Acid glycoprotein. Based on the
DLS data, a simple and rapid serological assay was developed by conjugating antibody-
coated AuNPs with fucose-binding lectin Aleuria aurantia lectin (AAL). As a consequence
of the activated aggregation of the AuNP probes in presence of lectin, the plasmon band
was shifted from red to blue in response to the enhanced fucosylation of a-1-acid glycopro-
tein, which colorimetrically reported and made the basis of a rapid visual assay for
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hepatocellular carcinoma. This protocol is unique for the detection of glycosylation change in
other serum glycoprotein biomarkers in presence of low sample marker concentration (ng/
mL), which is having the diagnostic implication in variation analysis of a-1-acid glycoprotein
(AGP) -fucosylation in HCC samples.132,133

4.1.2 Glycan linked AuNps

The interaction of sugar-chain conjugated nanoparticles with proteins yields aggregates
due to multiple sugar-binding sites and can be detected visually and spectroscopically.134e136

In the past decade, carbohydrates have been increasingly studied due to their ubiquitous na-
ture on the surfaces of proteins and cells, further lectins from various sources are employed
for the purpose of glycocode deciphering.137 Many carbohydrate-functionalized NPs usually
immobilized on AuNPs through SeAu binding have been developed as affinity probes to
facilitate the detection of carbohydrate-protein interactions like the use of trivalent a-2,6-
thio-linked sialic acid ligand-functionalized AuNPs for human influenza virus.138e140

For the analysis alone, the use of glycosylated nanomaterials has gained increasing atten-
tion in recent years because NPs decorated with glycan structures in a multivalent form
similar to the glycocalyx structures on cell surfaces could be used for the detailed study of
glycan-lectin interactions.141,142 In particular studies were done by Jayawardena et al.116

NPs modified with different saccharide moieties such as lactose, arabinose, cellobiose, su-
crose, mannose, glucose, and galactose were able to successfully distinguish four different
lectins with different specificities includes Concanavalin A (Con A), soybean agglutinin, Grif-
fonia simplicifolia agglutinin, and Arachis hypogaea peanut agglutinin by observing a red shift
in the lmax of the localized surface plasmon resonance (LSPR) absorption.116 Such a library-
oriented approach of glycan-linked NPs was later used to prepare polymer-stabilized glyco-
AuNPs for a rapid, high-throughput, and 96-well microplate-compatible evaluation and
identification of pathogenic lectins by taking into account measurements of red-to-blue color
shift upon AuNP aggregation, which was monitored by a digital camera.143 The study in-
volves the functionalization of AuNPs with a mixed monolayer of zinc phthalocyanine and
a lactose derivative. For the first time, a carbohydrate was used with a dual purpose, as
the stabilizing agent of the AuNPs in aqueous solutions and as the targeting agent for breast
cancer cells. The functionalization of the phthalocyanine-AuNPs with lactose led to the pro-
duction of water-dispersible nanoparticles that are able to generate singlet oxygen and conse-
quent cell death upon irradiation. The targeting ability of lactose toward the galectin-1
receptor on the surface of breast cancer cells was exploited in the in vitro studies with
lactose-phthalocyanine functionalized AuNPs. The targeting studies showed the exciting po-
tential of lactose as a specific targeting agent for galactose-binding receptors overexpressed
on breast cancer cells.144

Worldwide, annual epidemics of seasonal influenza are estimated to be around three to
five million cases of severe illness, and annual deaths of up to 650,000 are associated with res-
piratory diseases.145 Subtype classification of Influenza A viruses has been done according to
the combination of the proteins on their surface; hemagglutinins (HA) and neuraminidases
(NA) as an example of H1N1 strain pandemic in 2009.146 During infection, trimeric hemag-
glutinins displayed by influenza virus particles bind to sialosides on the surface of their
host cells to facilitate internalization and zoonosis (interspecies transmission) can occur
due to mutations in the hemagglutinin, enabling avian, porcine and other zoonotic influenza
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viruses to infect humans.147e151 Therefore, the study of hemagglutinin interactions with sialic
acids is essential to increase our understanding of this global pathogen and also the discovery
of new effective diagnostics and treatments.152 During infection, the affinity is significantly
increased by the cluster glycoside effect due to the multivalent presentation of both the viral
hemagglutinin (w200e1000 copies/virus) and sialic acids on the host cell surface.153,154

Gibson and coworkers have previously reported the development of multivalent gold/poly-
mer hybrids with regard to dissecting glycan binding interactions.155e158 The aim of this
work was to develop a multivalent nanoparticle platform to prevent binding trends of influ-
enza hemagglutinins toward multivalent sialic acid isomers. For that, a library-oriented
screening of 27 nanoparticle formulations was done to optimize the size and linker length fol-
lowed by 2,3- and 2,6-sialyllactosamine attachment to multivalent AuNPs. Colorimetric ag-
gregation assays, DLS, and biolayer interferometry techniques were used to determine the
binding affinities. A panel of hemagglutinins comprising human and avian were treated
with the particles and results indicated that the multivalent presentation permitted significant
cross-binding between human and avian strains, which may aid the discovery of novel tools
for infections and zoonosis transmission.159

A combined effect of the specific functions of AuNSs, glycopolymer, and Con A facilitated
the designing of a successful hybrid nanoplatform (HNP) system, HNP-Con A, for photother-
mal therapy of liver (HepG2) cancers. The glycopolymer P (DEGMA-co-OVNGmix) consists
of thermal-responsive monomer, di (ethylene glycol) methyl ether methacrylate (DEGMA),
galactose-containing (OVNGal) and glucose-containing (OVNGlu) monomers. Then, the gly-
copolymer is grafted on the AuNSs surface to form HNP, where OVNGal moiety can specif-
ically recognize the asialoglycoprotein receptor (ACGPR) on hepatocytes, and OVNGlu can
specifically recognize Con A. Therefore, the mechanism of action of HNP-Con A system to-
ward liver cancers is in such a way that OVNGal will target the surface of hepatocytes, and
then Con A can enter into HepG2 cells to effectively eradicate them. In addition, the heat
generated due to the excellent photothermal ability of AuNSs, under near-infrared radiation
will kill HepG2 cells as well.160

4.2 Silver nanoparticles (AgNPs)

AgNPs are one of the most widely used nanomaterials owing to their exceptional optical,
photothermal, electrical, and biological properties. They exhibit profound use in a variety of
everyday products, including home appliances, water filters, cosmetics, textiles, and food
industry-related items. The most well-known feature of AgNPs is their antimicrobial effect,
which favors the use of them also in the medical sector for the production of dressings, cath-
eters, pacemakers, and vascular prostheses. They can also be used as a contrast agent in im-
aging diagnostics due to their photosensitizing and radiosensitizing properties.161e164

Related to this, there is a report that revealed the conjugation of AgNPs with antifungal lec-
tins isolated from an edible mushroom, Agaricus bisporus (Lange) Pilat. This particular lectin-
silver nano conjugates inhibited about 89% of the conidial germination of the fungal path-
ogen of rice, Curvularia lunata. The antifungal activity of the conjugates was far higher other
than showed by the individual use of lectins or AgNPs. In another exploration, a noncovalent
complex of lectin from the seeds of Butea monosperma (BMSL) with AgNP, BMSL-AgNPs
(BAgNPs) was prepared to combat uropathogenic Escherichia coli biofilms. BMSL is a
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tetrameric protein reported to be specific to N-acetyl D-galactosamine, galactose, and
lactose.165,166 Results showed that the glycan recognition potential of lectin BMSL consider-
ably enhanced the antibiofilm and antibacterial activities of AgNps at low concentrations.
Moreover, BAgNPs exhibited antibacterial activity by affecting bacterial membrane integrity
and imparting oxidative stress to bacteria.167

4.3 Magnetic nanoparticles (MNPs)

In recent years, interest in the application of MNPs in various fields like biomedicine and
biotechnology has increased due to their effective binding potential of them toward ligands
like proteins, peptides, enzymes, antibodies, and drugs. Typically, MNPs are composed of
a magnetic core (Fe2O3 or Fe3O4) and a coating layer, which can be made of biocompatible
polymers. In this layer, the functional groups that can easily bind to drug molecules are
present, inhibit aggregation, and increase colloidal stability. The most specific property
of MNPs, which are made of Fe2O3 or Fe3O4 core is the response toward an external mag-
netic field due to superparamagnetism; thereby they could be easily removed or separated
from a mixture by the use of a magnetic field. This property is currently most exploited in
separation techniques, especially in the separation of cells.168e171 Validation of specific bio-
logical recognition potential of carbohydrates immobilized on MNPs was done using four
lectin probes. Different lectins used as probes were Concanavalin A (Con A, a Man selec-
tive lectin), Wheat Germ Agglutinin (WGA, a GlcNAc and Sia selective lectin), Bandeiraea
simplicifolia isolectin (BS-I, a Gal selective lectin and Tetragonolobus purpureas Agglutinin
(TPA, a Fuc-selective lectin). A normal breast cell line 184B5 and nine types of representa-
tive cancer cells were used to study the possibility of using a magnetic glyco-nanoparticle
(MGNP)-based system to detect and profile various cell types. Results based on the MR re-
sponses suggested active expression of fucose and sialic acid receptors on most of the cell
lines under study and the presence of galectins, a family of galactose-specific lectins,
GlcNAc receptors, and mannose receptors was also confirmed. The inability of sugar-free
nanoprobe NP to bind any cells further established the authenticity of intrinsic
carbohydrate-protein interactions as the reason behind the binding.172

Lectin-conjugated Fe2O3@Au NPs (lectin� Fe2O3@Au NPs) were reported to be
employed as dual-modality contrast agents for in vivo MR and CT imaging. For that,
they produced 22 nm Fe2O3@Au NPs, which have a long circulation time, and three lectins
(ConA, RCA, and WGA) - Fe2O3@ Au NPs have been used to detect colorectal tumors
(SW620) in BALB/C nude mice. The experimental results suggested that the lectin�
Fe2O3@Au NPs had a capacity not only for dual mode MR and CT imaging in vitro but
also for MR and CT imaging of colorectal cancer in vivo. Moreover, it was inferred that lec-
tin could also be used as tumor-targeting ligand for synthesizing nanoparticle-based
contrast agents.173

The latest investigations in this field are now focusing on the theranostic application of
lectin-conjugated nanoparticles drug delivery systems with the combined ability to diagnose,
deliver a drug and monitor the therapeutic response. In an investigation of using a lectin-
conjugated paclitaxel-loaded MNP for leukemia theranostic application, the nanoparticle
formulation showed a significantly higher efficacy (w67%) against chronic myelogenous leu-
kemia cells (K562) compared to that of the native paclitaxel. A much longer circulation time
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(T1/2 ¼ 15 h) was reported for lectin-coupled paclitaxel nanoparticles related to the native
paclitaxel in rats (T1/2 ¼ 5 h).174

4.4 Europium doped nanoparticles

Monitoring of epithelial ovarian cancer by using a novel lectin-based approach for the
detection of cancer-associated glycosylation of cancer antigen 125 (CA125), well-known
mucin - derived cancer marker was reported. For that, highly fluorescent europium (III)-doped
nanoparticles (Euþ3-NPs) coated with the macrophage galactose-type lectin (MGL), enabled
highly sensitive detection of CA125 marker on ovarian cancer cell line OVCAR-3. The clinical
evaluation of the obtained results of the optimized assay based on CA125-MGL interaction
exhibited good discrimination between the samples of epithelial ovarian cancer patients and
those with endometriosis enabling early detection/screening of ovarian cancer.175 A lectin-
Euþ3-NP dependent approach was utilized for the glycoprofiling of CA15-3 with a panel of
28 lectins in order to identify altered glycosylation of CA15-3 in the blood streams of breast can-
cer (BC) patients. CA15-3 is a tumor marker commonly used for monitoring patients with
advanced BC. Among a panel of 28 lectin- Euþ3-NP preparations tested, only two lectins
exhibited satisfactory binding to the BC-associated CA15-3. Those lectins areWGA and recom-
binant humanMGL, which recognize GlcNAc and GalNAc -containing epitopes frequently ex-
press on the surface of cancer cells respectively.176e178 This study suggested that using CA15-3
WGA and CA15-3MGL Euþ3NPs assays in the plasma of metastatic BC patients were found to
be more cancer-specific and more sensitive in distinguishing metastatic BC patients from
healthy controls than conventional CA15-3 immunoassay.179

Another study demonstrated an effective utilization of spring snowflake Leucojum vernum
lectin (LVA) - conjugated luminescent GaN: Euþ3 nanoparticles and WGA lectin-conjugated
fluorescent fluorescein-containing polystyrene nanoparticles for the detection of dying cells
(apoptotic and necrotic correspondingly). Because of high specificity, bright fluorescence,
and low photobleaching, both types of nanoparticles can be easily applicable in most types
of fluorescent microscopy and flow cytometry. Interestingly, an aspect of fluorescence emis-
sion in a very narrow red spectral range of GaN: Euþ3 nanoparticles, making them a very use-
ful fluorescent nanolabel for multicolor in vivo detection systems.180

4.5 Silica NPs

The specific binding property of lectin Ulex europaeus Agglutinin-1 (UEA1) toward a-L-
fucose has been exploited to distinguish human colorectal adenocarcinomas, adenomas,
and polyposis coli from the normal epithelium.181,182 Fluorescently-labeled mesoporous silica
NPs (MSNs) with high surface areas and low systemic toxicities functionalized at its three to-
pologically unique domains developed as targeted endoscopic contrast agents for early detec-
tion of polyps and nascent colorectal cancers.183 For this, fluorescent label fluorescein 5(6)-
isothiocyanate (FITC) was first cocondensed into the silica framework of MSNs followed
by a coating of the exterior with two different lengths of polyethylene glycol (PEG) to increase
their water solubility and diffusion through mucus. Lastly, fluorescent/PEGylated MSNs
were coupled with UEA1 targeting premalignant lesions, a very sensitive detection method
of early-stage colorectal carcinomas by in vivo imaging techniques.184 A multifunctional
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nanodevice featuring the synergistic properties of selectivity toward human osteosarcoma
cells and pH-responsive antitumor drug delivery capability produces an amplification of
the antitumor efficacy. This innovative nanodevice is based on doxorubicin (DOX)-loaded
MSNs nanoplatforms primarily involve a polyacrylic acid (PAA) polymeric shell, anchored
via an acid cleavable linker, to avoid early cargo release and provide the characteristic pH-
responsive capability. Secondly, a targeting ligand lectin Con A grafted to PAA, to increase
the selectivity toward cancer cells while retaining the viability of healthy cells. In vitro assays
revealed that the degree of internalization of lectin-conjugated nanosystems into human os-
teosarcoma cells is two times more than in preosteoblastic cells. Moreover, the antitumor ef-
fect is increased up to 8-fold when compared to free drug and 100% antitumor efficacy
against osteosarcoma cells compared to healthy bone cells obtained at very small DOX con-
centrations (2.5 mg mL-1). These outcomes affirm that the synergistic assembly into a unique
nanoplatform increases antitumor activity with decreased toxicity toward healthy cells,
which founds a new paradigm in targeted bone cancer therapy.185

4.6 Poly (lactic-coglycolic acid) PLGA NPs

Natural or synthetic polymers can be used for the synthesis of polymeric nanoparticles;
also they can be biodegradable or nonbiodegradable in nature. The type of material used
to synthesize nanoparticles determines its performance as a drug delivery agent and its ther-
apeutic potential. The most significant features of these nanoparticles are their size and shape
as it has been found that particles with a size of up to 100 nm are most readily absorbed by
cells and preferentially their shape should be as spherical as possible. Benefits of the use of
such systems include increased bioavailability of drugs, reduced degradation rates, fewer
side effects, improved cellular uptake, targeted transport, and efficacy in controlled drug
release. Natural polymeric materials include chitosan, collagen, dextran, or alginates and syn-
thetic materials are polylactide (polylactic acid PLL), polycaprolactone (PCL), polyvinyl,
polyethylene glycol (PEG), poly (lactic-coglycolic acid) (PLGA) for the production of poly-
meric nanoparticles.186,187

Even though the lectins involved in drug delivery systems possess beneficial anticancer
properties, they are typically functionalized with nanoparticles only for the so-called “lectin
direct targeting”. Development of a nanoparticle formulation of novel WGA-conjugated iso-
propyl myristate (IPM)-incorporated PLGA nanoparticle for local delivery of paclitaxel to the
lung demonstrated a superior in vitro cytotoxicity against A549 and H1299 cells due to an
efficient cellular uptake via WGA-receptors.188 Peanut agglutinin (PNA) and WGA decorated
drug-loaded nanoparticles (NPs) were suggested for targeting and selective adhesion to the
inflamed tissue in experimental colitis. Lectin-conjugated NPs exhibited a much higher bind-
ing and selectivity to inflamed tissue compared to normal NPs. Targeted NPs by using lec-
tins, especially with PNA appear to be a promising tool in future IBD treatment.189 The
intranasal administration of lectin-functionalized PEG-PLGA nanoparticles was reported to
be useful for treating schizophrenia. These nanoparticles were loaded with haloperidol and
Solanum tuberosum lectin (STL). The conjugation of the particles with STL significantly
reduced the dose of drug.190 The WGA-conjugated PLGA nanoparticles with enhanced lectin
receptor interaction on the alveolar epithelium can be used for treating tuberculosis.191
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4.7 Quantum dots

Quantum dots (QDs) represent a class of fluorescent nanomaterials, which has been exten-
sively applied in life science owing to their unique optical properties. These nanocrystals pre-
sent remarkable beneficial properties such as high resistance to photobleaching and hold
active surfaces for conjugations with different molecules, such as antibodies and lectins.192,193

The abnormal expression of carbohydrates on the cell surface indicates the development of
many diseases, pathogenicity, and resistance of microorganisms, making the study of alter-
ations in glycan profile extremely relevant. Therefore, this study reported that green-
emitting QDs-Cramoll bioconjugates can be used to evaluate the glucose/mannose content
on yeast cell walls of C. albicans, C. glabrata, and C. parapsilosis sensu stricto. To the best of
my knowledge, this is the first study that QDs-Cramoll conjugates were applied to analyze
the glycocode of Candida species since currently available technologies can be considerably
laborious. Morphological investigation of yeasts labeled with QDs-Cramoll conjugates indi-
cated that C. glabrata (2.7 mm) was smaller when compared to C. albicans (4.0 mm) and
C. parapsilosis sensu stricto (3.8 mm). Also, C. parapsilosis population was heterogeneous, pre-
senting rod-shaped blastoconidia. Among all three species, more than 90% of cells were
labeled by conjugates and further inhibition and saturation assays indicated that
C. parapsilosis had a higher level of exposed glucose/mannose than the other two species.
Therefore, QDs-Cramoll conjugates can be used as effective fluorescent nanoprobes for the
detection of fungal species frequently involved in candidiasis based on glucose/mannose
constitution on the cell walls.194

In the same way, saccharide-rich structures on the cellular surface of Candida albicans, one
of the most common opportunistic fungi present in human beings were analyzed by Con A
adsorbed on hydrophilic cadmium telluride - mercaptosuccinic acid (CdTe-MSA) QDs (emit-
ting at 600 nm). The specificity of carbohydrate (mannose and glucose) recognition using
QDs-ConA aids the dynamic monitoring of the surface expression changes in response to
drugs.195e198 Additionally, fluorescence images and flow cytometry analysis revealed strong
labeling of cells due to specific recognition by the bioconjugates, further confirmed when a
decrease in the cell labeling was observed after adding methyl-a-D-mannopyranoside. In
another study, a similar formulation yielded increased intracellular retention of paclitaxel
and an enhanced antiproliferative activity toward colon cancer cells (Caco-2 and HT-29 cells).
Further study of the intracellular transport profile using QDs-loaded WGA-PEG nanopar-
ticles in Caco-2 cells demonstrated that the cellular uptake of functionalized nanoparticles be-
gins with the binding of WGA to its cell surface receptor, followed by particle uptake by
clathrin and caveolae-mediated endocytosis.199,200

4.8 Liposomes

Liposomes are spherical vesicles made of a lipid bilayer with natural or synthetic phospho-
lipids having unique properties as clinically-approved carriers of therapeutic molecules with
a range of size between 50 and 300 nm. The nature of phospholipids used for liposome pro-
duction determines their sensitivities to pH, temperature, or other environmental factors. The
main advantages of liposomes are the enrichment of pharmacokinetic properties such as the
therapeutic index, reduced side effects, stabilization of encapsulated proteins, and strong in
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vitro and in vivo antitumor properties. They show a significant role to improve drug solubi-
lity, and can serve as carriers of water-soluble (hydrophilic) molecules inside the liposome
body or hydrophobic molecules inside the lipid bilayer.201e204 In order to increase the effec-
tiveness of liposomes, it is necessary to link amphiphilic molecules such as polyethylene gly-
col (PEG) to the surface, letting the liposomes reach the site of action.201 To address some of
these features, investigation of a liposomal nanoparticle formulation of Cratylia mollis lectin
(Cra), a mannose and glucose binding lectin to detect sarcoma 180 in Swiss mice exhibited
considerable improvement in the protein stability and delivery. In addition, results showed
a significant tumor inhibition percentage (71%) with minimal cytotoxicity compared to free
Cra solution (41%).205

5. Conclusion

The presented data demonstrate the great significance of lectins with specific glycan recog-
nition potential for the development of both diagnostic and therapeutic agents in the medical
field. Different methods of improvement in lectin engineering technologies will reduce
certain limitations of lectins due to their proteoinaceous nature or more. Natural or synthetic
lectin/glycan technologies including the coupling of nanoparticles will permit the develop-
ment of novel therapeutic agents with ideal characteristics. Targeted therapy is the most chal-
lenging and worthwhile application of lectins/glycan functionalized nanoparticles in
therapy. As more studies are conducted, the more unknown specific interactions will be
explored and will become available to be utilized for further bioprospecting in the future.
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1. Bionanomaterials

The science and innovation of biotechnology and nanotechnology have made awesome
outcomes in the most recent couple of years which enabled clinicians to better detect, prevent,
manage, and treat human disease. Nanotechnology deals with the construction of materials/
devices with components at the nanometer (10�9 m) scale, whereas biotechnology deals with
the use of biological systems/agents/organisms for beneficial use.1 Bionanomaterials are one
of those outcomes from the convergence of biotechnology and nanotechnology. Bio-
nanomaterials are nanoscale molecular materials that are composed partially or fully of bio-
logical molecules such as proteins, peptides, enzymes, antibodies, DNA, RNA, lipids,
oligosaccharides, viruses, and cells. The interface between biomolecule and nanomaterials
can be manipulated by the bio-inspired process to obtain atomic-specific complex bio-
nanomaterials/devices under mild experimental conditions. Furthermore, these materials
can perform many explicit tasks that strongly recommend their introduction in the field of
drug delivery, diagnostics, biosensing, and bioengineering.

2. History of nanotechnology and nanomaterials

Even though the management of materials at atomic and molecular scales seems to be a
profoundly modern concept, the history of nanotechnology dates back to the ancient era,
particularly in the development of nanocomposite2 (Fig. 25.1). The artisans at these periods
were unaware of nanoparticles, still, the presence of Au Cu and Ag nanoparticles were
detected in the potteries which dated back to the fourth century. Lycurgus cup a decorative
roman treasure has been detected with the presence of gold-silver alloyed nanoparticles in
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glass due to which it exhibited different colors in presence of light. Some other relevant citing
dates back to the 9th century which involves the usage of nanoparticles for generating a glit-
tering effect on the surface of pots. Most of these ancient marvels contained homogeneously
dispersed Au, Ag, and Cu nanoparticles in the glassy matrix. Even these days, pottery from
the middle ages and renaissance often retains a distinct gold- or copper-colored metallic
glitter. The scientific understanding of nanomaterial came much later in the 18th century.
One of the first scientific reports was authored by Micheal Faraday in 1857 on the synthesis
of the colloidal solution of Au nanoparticles. This is considered one of the first scientific re-
searchers into nanoscience and nanotechnology because of his remarkable discovery of the
FaradayeTyndall effect due to the scattering of light by colloidal particles. Over the years,
the application of nanomaterials in biomedicine has vastly increased and the introduction
of organic, inorganic, and carbon-based materials further enhanced their role for medical ap-
plications (Fig. 25.2).

3. Design of bionanomaterials

Bionaonomaterial fabrication involves the usage of biological resources and mechanisms
for constructing nanodevices suitable for biomedical applications. So techniques having a

FIGURE 25.1 Schematic representation on the evolution of nanomaterials, green font represents the discovery
period and the red font indicates the FDA approval period.
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great degree of control on the overall structure and chemistry which is deprived of any un-
desired side reaction usually preferred. Bottom-up self-assembly is one such promising tech-
nique that utilizes weak and specific interaction to achieve the required functionality and
structure for nanofabrication is widely followed. Self-assembly plays a major role in bio-
nanofabrication where noncovalent interactions such as hydrogen bonding, pi-pi interaction,
electrostatic interaction, and van der Waals interactions are intricate in the formation of well-
defined and stable hierarchical arrangements. Even though the individual interaction is
weak, mutual interaction between the molecules leads to a very stable structure. DNA, pro-
tein, peptide, virus, enzymes are the key players for the design of bioinspired nanomaterials
which can be self-assembled to create zero-dimensional (0D), one-dimensional (1D), and two-
dimensional (2D) to three-dimensional (3D) architectures (Fig. 25.3).3e6 Furthermore, these

FIGURE 25.2 Schematic representation of the classification of nanomaterials.
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biomolecules can self-assemble by molecule-molecule interactions, molecule-material recog-
nition, molecule-mediated, nucleation and growth, and molecule-mediated reduction/oxidi-
zation to create hybrid nanomaterials.7

Engineered protein assemblies were found attractive for future applications due to their
large scale biosynthesis ability and their biofunctionality and biocompatibility. Proteins, as
the elemental base of living organisms, play major roles in the process of functions and activ-
ities in living organisms. Proteins are composed of 20 basic building blocks of amino acids
which aid in performing complex folds with other proteins to form supramolecular self-
assemblies having delicate architectures and versatile functionalities. Furthermore, feature
such as inherent biocompatibility, biofunctionality, and bioavailability makes protein assem-
blies attractive for future biomedical applications. Several strategies such as symmetry stra-
tegies, template strategies, crosslinking strategies, and supramolecular strategies have been
commonly employed to develop different dimensionality protein self-assembly.8 From
zero-dimensional nanoparticles (nanospheres, and rings), 1D materials (nanowires), 2D ma-
terials (nanostructured protein films, metal coordinated proteins), to 3D materials (protein
crystal and hydrogels) were created by the self-assembly of proteins.8e10 Some of the recent
work involves the construction of protein-based nanoparticles for anticancer applications.
Nanoparticles sizes ranged from 60 to 500 nm and showed a distinct killing effect on the

FIGURE 25.3 Self-assembled bionanomaterials (A) proteins (B) peptides (C) DNA (D) virus.
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cancer cells, such as MCF-7 and H460 cells, and exhibited IC50 of 260 ng/mL when applied to
H460 cells.11 Another recent example involves the development of protein nanocages that
penetrate airway mucus and tumor tissue. Ferritin heavy-chain nanocages functionalized
with polyethylene glycol was synthesized and on administration rapidly penetrated both
mucus barriers and tumor tissues in vitro and in vivo and selectively entered cancer cells.12

Peptide-based self-assembly was extensively studied for the past few decades in the field
of bioscience due to good biocompatibility and functionalities. Intermolecular forces and
environmental factors such as temperature, solvent polarity, solution pH, ionic strength,
photo irradiation, metal ion complexation, and enzymatic reactions13 influence the nature
of nanostructures generated by peptide self-assembly.14,15 These factors lead peptide to
self-assemble to nanostructures such as nanofibers, nanobelts, nanoribbons, nanotubes,
hydrogels, and vesicles,12 cyclic peptides normally stack into nanotubes,12 and branched pep-
tides often form micelles or vesicles.12 These self-assembled nanostructures were exploited as
cargo for transporting drugs, DNA, and proteins. In a recent example, Subramaniyam S et al.
reported the effect of concentration in developing different nanostructures from short peptide
having the sequence of BOC-Phe-Phe-Glu-(OH)2 through the self-assembly. Spherical assem-
blies, nanotubes, and necklace-like supramolecular architectures were fabricated by control-
ling the concentration and incubation time. Furthermore, the spherical units were able to
encapsulate small molecules and deliver them into cells, thus representing their potential
for drug delivery applications.16 Ziqi Wang et al.17 reported recognitionereactione
aggregation cascade procedure for the construct of the peptide-based superstructure which
could specifically promote the penetrability of renal cancer cell membranes and promote
the delivery of the drug, ultimately achieving chemosensitization in vitro and in vivo.

DNA molecule is considered one of the most promising platforms for constructing new
generation nanoscale architectures especially because of its programmability and structural
stability.18e25 In particular, many studies reported the design of DNA-based bio-
nanomaterials such as DNA tiles,26e28 DNA origami,18,29 DNA bricks,30 wireframe struc-
tures,31,32 and crystals.33 DNA origami is one of the most promising methods which
involved the folding of DNA to create arbitrary shapes of DNA nanostructures, owing to
its high biocompatibility and biosecurity.34,35 Origami methods have found specific applica-
bility in constructing a wide variety of 2D and 3D nano-objects. Furthermore, studies
involved the construction of DNA based hydrogels. When compared to most synthetic or nat-
ural polymer hydrogels thus developed showed unique properties such as minimal toxicity,
designability, precise recognition, and structural rigidity. Increasing development in the field
of DNA nanotechnology has escalated the possible applications of developing, nanomechan-
ical devices, computing systems, and programmable/autonomous molecular machines from
DNA nanostructures.36 However, scaling up the dimension of DNA nanostructures is often
challenging. Strategies such as the solution and environment-dependent assembly of preas-
sembled origami building blocks and DNA tiles,37e41 and seed-mediated algorithmic assem-
bly are currently employed to generate scalable nanopatterns. With ever-growing
improvements using structural DNA nanotechnology, we can easily forecast a rewarding
future in the generation of DNA templates with arbitrarily prescribed morphologies. Further-
more other than examples mentioned here viruses, enzymes, and phospholipid39,40 also
showed promising results in creating flexible and distinct architecture bionanomaterials
through self-assembly. Utilization of biomolecules and bioinspired process such as self-
assembly can offer potential strategies to build highly complex bionanomaterials which
can meet the ever-growing needs in future bionanotechnology applications.
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4. Nanorobots

Nanorobots (NR) are engineered controllable nanomachines/devices fabricated from
nanoscale components having a size range from 0.1 to 10 mm. NR is a promising area devel-
oped by the fusion of nanotechnology and engineering and is expected to deliver great im-
provements in the field of medicine.42 The advantages of NR include miniature dimension,
lesser mass, higher thrust-to-weight ratio, high flexibility, and high sensitivity. Further
because of the miniaturized version it can be easily introduced into the circulatory system uti-
lizing catheters or other openings in the human body. Furthermore, NR can be easily pro-
grammed for specific biological tasks which can lead to better diagnosis procedures with
minimum invasive procedures.

4.1 Classification of the nanorobotic systems

Based on the origin nanorobots can be categorized into natural/biological, artificial, and
biohybrid types. The natural/biological NR, are fabricated using proteins, viruses, bacteria,
DNA, and cells where synthetic polymers and noble metals and nonmetals are used to fabri-
cate artificial NR. Both natural and artificial NR entities offer many functional advantages.
The practical applicability of artificial NR is still limiting due to low energy efficiency, flexi-
bility, and major concern over the lack of degradation, and biocompatibility with living cells.
Even though natural/biological-based NR exhibited outstanding biocompatibility, biode-
gradability, along with accuracy, and controllability, the stability of these materials in the bio-
logical medium is a concern. Overall artificial based NR was lacking adequate compatibility
with living cells while natural NR suffers from limited stability, this led to the development of
biohybrid NR by merging the adequate properties both artificial and biological materials.

Based on the energy source used for propulsion artificial NR can be classified in two, one
in which energy for propulsion is generated by a chemical process and other by physical pro-
cess. The propulsion system of NR has a strong impact on their performances such as func-
tioning environment, transport velocity, motion control, and biocompatibility,etc., which in
turn can affect their overall performance in biological systems. Mechanical energy required
for the propulsion of NR is generated by the consumption of fuel in the case of chemically
propelled NR. Up to this period, a large number of chemically/biochemically propelled
NR were reported which includes bimetallic nanorods, multiple-layer tubes, and Janus par-
ticles.43 While physical stimuli such as magnetic, optical, electrical, and acoustic fields are
used for propulsion in physically powered NR. So the necessity of high concentration chem-
ical fuel and toxicity problems arising from the utilization of chemical fuel in the case of
chemically propelled NR, and the requirement of high physical energy in the form of UV
light, ultrasound, or magnetism for physically propelled NR are some of the negative side
effects related to the usage of NR for clinical application. Despite the significant advance
in the field, there is a rising demand for developing NR with precise geometries, fabrication
methods, motion control, and biologically compatible fuel.44,45
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4.2 Applications of nanorobots

Nanorobots have been utilized for numerous applications such as diagnosis, minimally
invasive surgery, and especially in the field of targeted drug delivery, among many. Precise
navigation, constant monitoring, and maneuverability to complex regions of a biological sys-
tem by minimally invasive techniques make nanorobots as a key contender for the intended
application.

4.2.1 Drug delivery

Nanorobots of natural/biological, artificial, and hybrid origin with cargo towing abilities
have been extensively utilized for active drug delivery in the cellular level, and a tremendous
sign of progress has been made in the previous few years. Passive drug delivery utilizes the
flow of systemic circulation to carry drugs to the targeted area and ultimately they lack nav-
igation ability for precisely targeted delivery. Since NR has the potential to promptly trans-
port and deliver therapeutic agents directly to the site of application, thereby it will lead to
improved therapeutic efficacy and aid in reducing systemic side effects due to toxicity
induced by drugs. Recently, numerous studies have proven the cargo-carrying ability and
therapeutical functions of NR, some of which involve the guided transport of drug-loaded
liposomes,46 pancreatic cancer cells,47 and nucleic acids48 among many. Drugs were mainly
loaded into the NR by layer-by-layer, encapsulation, physical adsorption, electrostatic inter-
action, and so on.48 Chemical or physical propulsion techniques were normally exploited to
steer the drug-loaded NR to a programmed destination. On reaching the intended destina-
tion, physiological environments (e.g., pH) or external fields (e.g., NIR light, ultrasound,
and magnetic fields) will trigger and aid in the release of encapsulated drugs.43

4.2.2 Delivery of therapeutics for cancer treatment

Cancer has been a major health problem worldwide and is the second leading cause of
death. Targeting and delivery of drugs to the tumor site with reduced side effects is still a
concern. Because of the miniature size and ease of transportability in the vascular system,
many multifunctional nanoparticles were utilized to improve the tumor-targeting efficiency.
Even though a wide variety of nanoparticles were developed many are in the early stages and
the success of these nanoparticles in clinical practice remains questionable. So studies were
conducted for the development of precise and active materials that can be self-propelled,
actively targeted, and can penetrate the bio-barrier at the clinical level. Miniature size, precise
payload-carrying facility, and ease of transportability in the vascular system paved the way
to the introduction of NR for biomedical applications.49e52

Chemically propelled NR has been widely utilized for active drug delivery, and fantastic
development has been made in the past few years. H2O2 is commonly used as the propulsion
fuel and mechanisms such as bubble propulsion, self-electrophoresis, and self-diffusiophore-
sis were involved in the propulsion of these chemically powered nanomachines.53,54

Numerous studies were reported on the development of chemically powered NR, especially
for cancer therapy. One such study involves the practice of template-assisted layer-by-layer
(LBL) assembly for the development of chemically propelled nanoporous polymer multilayer
tubular nanomotor. This chemically propelled NR utilizes H2O2 as fuel for its navigation.
Furthermore, this study highlights these bubble-propelled nanomotors are capable enough
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to deliver the loaded drugs such as doxorubicin hydrochloride to cancer cells with the aid of
chemical fuel and external magnetic field. Saloni et al.55 reported the construction of Fe3O4
nanoparticles conjugated self-propelling NR loaded with an anticancer drug, doxorubicin hy-
drochloride. NR exhibited better tissue penetration, control, and improved pharmacokinetics
makes it a superior approach in targeted cancer therapy. The above-developed nanobots
demonstrated better self-propulsion not only in high ionic media but also in other biological
media. Nanomotors with chemotactic behavior were developed for anticancer drug delivery.
The nanomotor is based on a polymer somestomatocyte functionalized with platinum nano-
particles which are capable of acting as cargo for anticancer drugs such as doxorubicin.
Further, this study demonstrates that platinum loaded nanosized polymer stomatocytes
showed effective drug loading capability and also display chemotactic behavior in the pres-
ence of hydrogen peroxide gradients.52

Most of the earlier reported NR are made up of synthetic polymers and noble metals
limiting them meeting the needs of biomedical applications due to its poor biodegradability
and biocompatibility. So more efforts were set to construct NR with improved
biocompatibility.56e58 One such study involves the development of chemically propelled,
biodegradable, and functionalized NR by template-assisted layer-by-layer assembly. The
NR assembly is made of bovine serum albumin/poly-L-lysine incorporated with gold parti-
cles embedded in gelatin hydrogel.NR showed promising results in effective anticancer drug
encapsulation and controlled delivery to cancer cells with the aid of near-infrared light.59

Thus developed protein-based nano-rockets are biodegradable and can be effectively maneu-
vered to the targeted site making it a reliable platform for the next generation of NR in the
biomedical field. Further studies involved the utilization of plant products to develop biode-
gradable plant-based swimmers have been reported, but its ability for drug delivery applica-
tions has yet to be demonstrated.60 These examples successfully demonstrate the in-vitro
drug delivery of chemically propelled NR. Other than drugs these chemically propelled
NR are exploited for the pick-up, transport, and release of various cargoes such as cancer
cells,47 nucleic acids,48 polymer particles,61 and bacteria.62 However, the fundamental prob-
lem concerning the applicability of NR toward clinical application lies in the toxicity on using
H2O2 as the main fuel, complex preparation technique, and poor biocompatibility.63

Physical propelled NR are promising alternatives in this aspect, as they rely on chemical
free propulsion forces, which will be safer for biomedical applications as no toxic chemicals
utilized for propulsion. Ultrasound energy with little harm to the human body is widely used
for biomedical applications.64 Ultrasonic energy is derived from a high-frequency sound
wave can trigger and regulate the speed of NR. Acoustic NR can autonomously convert local
ultrasound energy into mechanical motion, which helps to control direction and speed inde-
pendently. Furthermore different modes of movements such as axial propulsion and spin-
ning about their axis can be achieved by applying different ultrasonic frequencies making
it an interesting technique to control the movement of NR.65 Taking advantage of the influ-
ence of ultrasound studies was conducted to regulate and modulate the speed of NR by phys-
ical propulsion. Various studies involved in the development of ultrasound-driven NR for
imaging and drug delivery applications. Garcia-Gradilla et al.65 demonstrated the construc-
tion and transportation of ultrasound powered nanowire motors to cancer cells and the rapid
release of drug by NIR-light exposure. Wei Wang et al.56 demonstrated the construction of
that nanoporous gold NR about 300 nm and the ultrasonic propulsion of rod-shaped
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nanomotors inside living HeLa cells. The nanoporous gold structure enabled the near-
infrared light controlled release of the drug by photothermal effects. Furthermore, these
studies highlight that the propulsion does not require chemical fuels or high-power ultra-
sound thus provide a new insight for propelling the NR without affecting the viability of
fuels. But the applicability of ultrasound propulsion in vivo environment has to be still
addressed as its propulsion capability will be hindered due to the influence of reflection,
refraction, and attenuation of ultrasound.

Magnetic nanomaterials are of increasing interest in biomedical applications such as cancer
treatment, magnetic resonance imaging contrast, cell tracking, and others. This extreme inter-
est arises because of their biocompatibility, ease of maneuverability, and its applicability
in various therapeutic applications.56,66 Compared with other external field-driven motors,
magnetically powered NR are particularly promising as miniaturized engines for biomedical
applications as they can perform complex therapeutic maneuvers while obviating fuel re-
quirements under magnetic actuation and without adversely affecting the tissues.67e69 So
efforts were carried out to understand cargo-towing capability magnetic nanomotors by
fuel-free technique. For example, magnetically guided NR was used toward the delivery of
fluorouracil medication for reducing tumor growth in a mice model. Fe and Pd entities
were used to construct NR by template-assisted electrodeposition and external magnetic
fields were used to draw FePd nanowires to the site of application. The drug release was
externally triggered, allowing the nanorobotic platform to distribute a high amount of the
therapeutic agent in a localized area of the tumor triggering cell death exclusively in this
region.70,71

Fuel-free flexible magnetic nickelesilver nano-swimmers for targeted drug delivery was
introduced by Gao et al.56 Applicability of nano-swimmers is demonstrated by directing
the delivery of drug-loaded particles to HeLa cancer cells in biological media. These fuel-
free nanomotors have been shown the capability in pick-up and transport of various drug
carriers to the predetermined destination through a planned route, which represents a novel
approach toward transporting cargos in a target-specific manner. These recent results high-
light the importance involved in using low toxic functional magnetic NR which can be trig-
gered magnetically for both targeting and inducing cancer cell apoptosis. Despite the
significant advancements and understanding in the design of both physically and chemically
propelled NRas advanced cargo transport systems, several challenges still exist for their prac-
tical in-vivo use.72 So various biohybrid-based NR has been designed and studied for tar-
geted delivery of payloads. In one such study, magnetotactic bacterias, which have the
capability to produce magnetic iron oxide nanoparticles naturally, were utilized as a potential
career (Fig. 25.4). Further, a carbodimide-based bioconjugation method was utilized to cova-
lently bind amine containing molecules of bacteria to carboxylated liposomes loaded with
therapeutic payloads. In vitro studies reviewed that these biohybrid systems were effective
in delivering an active substance to the solid tumor without altering intrinsic bacterial
motility and their behavior under a controlled magnetic field.73

Felfoul et al.74 demonstrated magneto-aerotactic bacteria can effectively be used to develop
NR which can be actively used to improve drug delivery in tumor hypoxic regions. The study
indicated that magneto-aerotactic containing a chain of magnetic iron-oxide nanocrystals
tend to swim along local magnetic field lines and toward low oxygen concentrations to trans-
port drug-loaded nanoliposomes into hypoxic regions of the tumor. However, the potential
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toxicity of bacteria to the human body and the controlled drug release from the bacteria-
based robot has yet to analyze.

DNA molecule is considered one of the most promising platforms for constructing new
generation mechanical molecular devices that can precisely sense and respond to molecular
triggers.75 Many reports indicate that a tetrahedral framework of nucleic acid could aid as a
favorable nanocarrier for many antitumor drugs, especially due to its high biocompatibility
and biosecurity.76e78 These advances have triggered the biological application of DNA nano-
structures, most notable advancement involves the construction of DNA NR and employing
them as drug-delivery nano-vehicles for cancer treatment. DNA origami method which
involved the folding of DNA to create arbitrary shapes was commonly employed to design
and produce DNA nanostructures platforms with controlled size, shape, and spatial
addressability79e82 for biological applications.83e91

Origami technique along with self-assembly was utilized for developing tube-shaped
DNA NR programmed to transport and deliver payloads such as thrombin solely to tumor
sites in a controlled fashion into tumor vessels to induce thrombosis for tumor therapy
(Fig. 25.5). Hollow tubular DNA nanorobot (19 � 90 nm) was constructed by binding
thrombin in the cavity of tubular, which protected the thrombin molecule from being inter-
fered with the external environment. Only at the site of application, the nanobot gets opened
exposing the contained thrombin molecules and activating localized coagulation. Invivo ex-
periments on mouse model revealed that thrombin incorporated nanorobot was effective in
generating confined coagulation to selectively block tumor blood vessels, thus inhibiting tu-
mor growth. This developed NR proves to be safe and inert material for the precise transfer of
thrombin and other drugs in cancer therapy.92

WenjuanWaet. al. report the construction of DNA framework-based intelligent nanorobot
for selective lysosomal degradation of tumor-specific proteins on cancer cells. These DNA

FIGURE 25.4 Schematic representation of self-propelled magnetotactic bacteria and its microscopic images.73
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nanorobots were capable of targeting breast cancer cells and inducing the lysosomal degra-
dation of the membrane protein. Further studies of these DNA nanorobots in a mouse model
revealed that these NR structures can enhance stability and prolonged blood circulation time
of anchored aptamers thereby inducing lysosomal degradation with higher efficiency. Hence
DNA based NR sheds new light on targeted drug delivery/protein degradation for precision
cancer therapy.92

With intensive research efforts, significant progress has been achieved in developing NR in
the last 2 decades. The outcome of these studies indicates the potential of NR in improving

FIGURE 25.5 (A) Schematic illustration on the construction and mechanism of action of the thrombin-loaded
DNA nanorobot (B) atomic force microscopy of closed (left) and opened states (right) of DNA nanorobot.92
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medical treatment producers. Despite the remarkable progress in the field, many hurdles have
to be overcome to be practically applied for clinical application. Speed, efficiency, nature of fuel
for propulsion, cargo towing property, maneuverability in viscous media such as blood and
biocompatibility have to further improve before moving to clinical translation of NR.

5. Biochip technology

Concerning implantable bioelectronics, miniaturization is considered the state of the art in
electrochemical biodevices. The encouraging progress in the field of nanotechnology which is
once used for the construction of computer chips for extended time has led to envisage the
development of so-called biochips. Biochips are a kind of miniaturized laboratory that is
composed of a set of diminished microarrays that are used to analysis or detection of biolog-
ical species and molecule.93 Millions of sensors present in the chip enable it to perform mul-
tiple experiments to be executed at the same time to obtain high throughput in less time
making them preferably suited to encounter the demands of biological molecules. Further-
more, the introduction of microfluidic assay simplified and automated of tedious laboratory
task without compensating the sensitivity of biochip. Moreover, the advantage of these mini-
aturized devices is the ease of integration of common techniques such as electrophoresis,
mass spectrometry, luminescence, electrical signal, and magnetism with a biochip.

Initially, biochip technology was utilized for monitoring fisheries; currently, it covers
almost all the areas related to healthcare applications. The overall market size of biochips
is estimated to grow at a CAGR of 18.4% from 2015 to 2020 to reach $17.75 billion by
2020.94 In 1993, the Food and Drug Administration passed the Safe Medical Devices Registra-
tion Act of 1993, requiring all artificial body implants to have “implanted” identificationdthe
biochip. Currently, most medical devices and implants are loaded with a biochip. In the late
1980s, the first DNA microarray was commercialized by Affymetrix. Agilent Technologies,
Inc., CombiMatrix Corporation, Affymetrix, SynVivo, Euroimmun, Bio-Rad Laboratories,
Inc., Cepheid Inc., Fluidigm Corporation, GE Healthcare, Hoffman-La-Roche Ltd. are some
of the many key and niche players in the field of biochips. Currently, diverse types of bio-
chips are available which are suitable for diagnosis, drug development, gene detection, chro-
mosomal location analysis, DNA methylation, miRNA, and alternative splicing arrays,
pharmaceutical, biotech, and agrochemical industries.95

Microarray and transducer are the two important components of any biochip. Microar-
ray’s major role is to detect various biomolecules. Microarrays are a network of sensors modi-
fied with sensing molecules either physically or chemically. The transducer converts the
molecular sensing mechanism into an understandable output that could be understood by
the operator. The rapid improvement in the field of nanotechnology provides a promising
platform for incorporating enzymes into nanosystems to improve the overall selectivity
and sensitivity. Various efforts were put forward to develop low-cost miniaturized biochip
by the incorporation of nanomaterial along with microfluidic technique. A key advantage
to the use of nanoparticles for fabricating biochip is their large surface area to volume ratio
compared to that of bulk materials. The results of these studies indicated the incorporation of
functional nanomaterial will aid in the development of biochip with low expenditure and
high sensitivity.96
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Many metals and nonmetals nanoparticles were utilized for the development of biosen-
sors. Some of the studies involve the usage of metals like gold, silver, palladium, rhodium,
platinum titanium, zinc, and various forms of carbon such as CNT and graphene for the fabri-
cation of biochip. Some studies involve the utilization of various carbon forms such as the
detection of dopamine, glucose,97 and even for the detection of nutrition in the soil. Nano-
wires of zinc oxide and titanium were used to detect pH conditions in the environment,
whereas nanotubes of nickel oxide nanorods98 were utilized for detecting total cholesterol
in human blood. Nanoparticles that exhibited biocompatibility such as gold, silver, iron,
palladium, rhodium, platinum, etc., were utilized for functionalizing groups like proteins,
peptides, ligands, DNA, fatty acids, and plasmids for aiding the sensing of
biomolecules.99e101 Even though many noble metals can be utilized for developing biosen-
sors, gold nanoparticles stand out due to their unique surface chemistry, high electron den-
sities, chemical inertness, and their possession of good electrical and optical properties.102,103

Incorporation of gold nanoparticles aided in improving the overall sensitivity and biomarker
targetability due to its high surface to volume ratio. So gold nanoparticles embedded biochips
were commonly fabricated which aided as a sensing platform for a vast number of analytes
such as detection of glucose level,104,105 cardiovascular diseases, and detection of antigen
responsible for cancer106e110 Fig. 25.6.

One of the most promising applications of the biochip is the early-stage detection and iden-
tification of cancer-associated biomarkers.111 Rosetta, Febit, and Protagen some of the leading
companies to explore biochip utilization for cancer diagnosis. Nanoparticles along with
microfluidic platforms led to multiplex assay aiding in the detection of a panel of protein bio-
markers thus improving the overall reliability in cancer diagnosis.112e115 Nanoparticles of
metals such as gold, silver, nanoparticles of different dimensions of a magnetic material
like iron, various form of carbon nanomaterial, quantum dots coated with antibodies or oli-
gonucleotides have been investigated for cancer biomarker detection,116e118 toxicity level in
water,101 detection of hydrogen peroxide released from living cells.119,120

Biochip technology was utilized for the detection and diagnosis of severe physiological
diseases. During the few last decades, dramatic progress was made in the field of fabricating
biochip which is capable of investigating the molecular mechanisms of human emotion in
real time using body fluids such as blood, saliva, urine, or sweat (Fig. 25.7).121

Studies were even carried out for the development of simplified and cost-effective biochips
which led to the progress in creating cantilever biochip and paper-based biochip. Many ad-
vantages could be pointed out for these modified biochips. Cantilevers-based biochip does
not require external electronics or power labeling or any signal transducer for fluorescent
molecule for operation. Furthermore, microfabrication of cantilever systems exhibited supe-
rior property over earlier microcantilevers.122,123

The deflection of microcantilever was analyzed to detect the concentration of the analyte
and it is commonly used for the detection of DNA sequences or antibody-antigen bindings.
There were certain reports regarding the developments of low-cost paper-based biochips
were cellulose micro-/nanofiber matrices of paper substrate provide huge advantages in
both microfluidic platform and 3D hierarchical backbone for incorporating metal nanomate-
rials. Various fabricating method for paper-based biochips involves direct printing, photoli-
thography, and 3D printing. In which direct printing technique can produce submillimeter
resolution thus developed biochips were utilized for the detection of glucose, iron, and
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various biomolecule. When compared to direct printing, photolithography enabled high-
resolution and photo-resistant patterning.124

However, 2D microfluidic devices still have limitations in their capabilities. 3D configura-
tion of paper-based biochips microfluidic devices has successfully demonstrated densely
packed microfluidic channels as well as multiple detections of biomolecules.125 A study
has indicated that paper-based 3D microfluidic devices enable the detection of multiple re-
agents such as glucose and bovine specific albumin in artificial urine solution.126 The further-
more unique configuration of metal nanostructures can be deployed by simple methods such
as drop and drying, immersing, thermal evaporation, and inkjet-printing on cellulose micro-/

FIGURE 25.6 The nanochip-based dynamic electro-optical spectroscopy system. (A) Fabrication and function-
alization of the nanochip. (B) The apparatus of the system and the schematic representation.
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nanofiber matrices which secures generation of multiple plasmonic hotspots for highly sen-
sitive detection of biomolecules.127

For the early detection of disease, especially at the point-of-care, there is an ever-increasing
need and demand for a novel and more efficient diagnostic tools.128 The phenomenal capa-
bility of nano-sized materials to exhibit unique physiochemical characteristics in contrast to
bulk material has opened new gateways to downstream the development and fabrication
of novel materials suitable for detection and diagnosis that were not possibly evident in
the past. Biochips are one of the outputs of the ever-blooming area of nanotechnology. Bio-
chips offer many attractive analytical features and represent promising candidates for future
clinical diagnostics. This fully integrated total analysis system leverages microelectronic com-
ponents, microfabrication techniques, and nanotechnology that offers diagnostic accuracy
equal to laboratory-confined reference methods. Incorporation of microfluidics with biochips
has added the following advantages such as multiplex assay and simultaneous separation of
the targeted biomolecules for detection. Despite good progress in multiplexed sensing,
further advances are still needed to handle hundreds of biomarkers in short turnaround times
with minimum or no cross-reaction between the affinity ligands and target biomolecules. This
biochip research undoubtedly represents progress for advanced disease detection.

FIGURE 25.7 Schematic drawing of emotion-on-a-chip.121
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6. Bionanomaterials for diagnostics

The diagnostics in the biomedical scenario involves the study of procedures that provides
information for screening, diagnosis, and detection of diseases. Nanomaterial based disease
diagnostics have become an increasingly relevant alternative to traditional techniques. Bio-
nanomaterials designed for diagnostics involves nanomaterials, partially or fully derived
from biological resources, intended for the screening, diagnosis as well as detection of dis-
eases.129 Classifications of bionanomaterials for diagnostics are given in Fig. 25.8.

6.1 Proteins and peptides

6.1.1 Albumin nanoparticles

Jeong et al. reported the preparation of human serum albumin (HSA) nanoparticles, con-
jugated with photo-sensitizer, as an efficient targeting agent for photodynamic therapy.130

EDC coupling method was employed for the conjugation of photo-sensitizer onto HSA,
resulting in the formation of HSA-photosensitizer nanoparticles. These albumin nanoparticles
form self-assembled structures in aqueous media and were nontoxic in their native state.
They exhibited enhance tumor-specific bio-distribution, which aids them to adversely affect
the tumor site with singlet oxygen, generated by the photo-sensitizer upon laser
irradiation.131

6.1.2 Layer-by-layer protein architectures

Takahashi et al. reviewed the layer-by-layer (LBL) approach for the construction of protein
architectures, such as avidin and biotin.132 The binding between avidin and biotin is high and
resembles covalent bonds. LBL deposition of avidin and biotin on the surfaces of optical

FIGURE 25.8 Classification of bionanomaterials for diagnostic applications.
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probes and electrodes results in the formation of optical and electrochemical biosensors. They
help to tag DNA and proteins with activated biotin derivatives.

6.2 Bioconjugates

6.2.1 Polymer bioconjugates

Mansur et al. have devised a polymer bioconjugate-based core-shell system to target and
image avb3 integrin receptors of cancer cells.133 Chitosan was covalently bound onto RGD
peptide using a cross-linker and was later used to cap CdS quantum dots (QDs). Chitosan
layer enhances the solubility of QDs, thereby forming a shell on its surface in aqueous media
at ambient temperature. These core-shell structures were effective at specific targeting integ-
rin, when assayed in vitro, using noncancerous human embryonic kidney cell lines and
cancerous sarcoma osteogenic-derived cell lines.134

6.2.2 Quantum dot bioconjugates

Quantum dot (QD) bioconjugates represents one of the major interfaces of biotechnology
and nanotechnology, where the unique optical property of QDs in combination with various
biomolecules adds more promising applications in cellular imaging and labeling.135 Such
inorganicdbiological hybrids can enhance the bioavailability and long-term stability of QDs.

QD bioconjugates were prepared by the conjugation of inorganic nanostructures with bio-
molecules such as proteins, peptides, DNA, etc. Generally, three conjugation schemes are
following for attaching proteins on to the surface of QDs. First one is EDC (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide) condensation, where amine functional groups on pro-
teins reacts with carboxy groups on the surfaces of QDs. Second approach is the direct bind-
ing of proteins on to the surface of QDs using thiolated peptides or polyhistidine (HIS)
residues. Third approach is the noncovalent self-assembly, where proteins were chemically
modified to induce physical attraction with the functional moieties on the surface of QDs.
Resulting conjugates reflects the combined attributes of both inorganic nanomaterials and
biomolecules.

Medintz et al. reported the combination of w20 Maltose binding proteins (44 kDa) to each
QDs possessing 6-nm diameter.137 Such multifunctional inorganicdbiological hybrids can act
as nanoscaffold, housing several biomolecules and functions as a chemical sensor. Chan et al.
labeled ZnS-capped CdSe QDs with the protein transferrin by the reaction between carboxyl
groups on the surface of QDs with that of amine in protein136 (Fig. 25.9). These hybrid bio-
conjugates were easily transported into HeLa cells by receptor-mediated endocytosis and
showed ultrasensitive detection at single-dot level, which helps to image molecular traf-
ficking in living cells. Similarly, self-assembly of CdSeeZnS QD bioconjugates was studied
by Mattoussi et al.138 In this study, chimeric fusion proteins were electrostatically conjugated
to the oppositely charged QDs with high quantum yield and retention of biological activity.
However, in this approach, the presence of charged species or interaction domain might
impart challenges in the functions of QD bioconjugates, by disturbing the electrostatic bal-
ance between QD and protein.
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6.3 Ligands

6.3.1 Immuno-liposomes

Liposomes are well-known pharmaceutical carriers, with phosphor-lipid based bi-layered
structures and are one of the widely used agents for the delivery of therapeutic agents with
solubility issues. However, one of the major drawbacks of liposomes is fast elimination from
systemic circulation and their deposition in the liver.139

One of the solutions for faster systemic elimination of liposomes is designing targeted-
liposomes, with specific ligands, attached to their surface, which can discriminate and bind
onto cells of interest. Torchilin has reported the modification of liposomes with immuno-
globulins (Ig), which are attached onto the surface of liposomes or inserted into the liposomal
membrane, without affecting the integrity of liposomes or activity of the antibody.140 Modi-
fied liposomes were able to accumulate in the area within the body where an attached anti-
body recognizes and binds its antigen.

6.3.2 Immuno-sensors

Immuno-assay is the quantification of antibody or antigen concentrations, derived from
specific recognition interactions. It is considered as one of the major analytical technique
adopted widely in clinical diagnostics and bio-sensing. New generation of bionanomaterials,
which possess the ability to identify or “sense” the presence of specific biomolecules, has
paved the way for the development of immuno-sensors. These advanced sensors could pro-
vide very vital information about early disease diagnosis, by utilizing immune reagent recog-
nition elements.141

FIGURE 25.9 Schematic of a ZnS-
capped CdSe QD covalently coupled
to a protein by mercaptoacetic acid.136
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A silicon nanowire array-based immuno-sensor was developed by Zhang et al., to address
cardiovascular diseases. This silicon nanowire array detects the cardiac biomarkers such as
human cardiac troponin-T, creatine kinase-MM and creatine kinase-MB in serum, in a
label-free approach, with femtomolar sensitivity.142

7. Bionanomaterials for regenerative medicine

Nanotechnology has been looked upon as a solution to many key questions evolving
around the biological systems to be revealed and with higher expectations toward the
future.143 Regenerative medicine (RM) focuses on replacing or regenerating cells, tissues or
organs in human body, mainly to restore their normal function. This objective may be
achieved either by stimulating bodies own inherent repair mechanisms or by implanting tis-
sues or organs, grown outside the body when body loses its own ability to repair. RM in-
volves various approaches and tools, depending upon the problem to the addressed. This
branch of medicine has been projected as a potential solution to alleviate shortage of organs
for donation.144

Three major pillars of RM are cell therapy, biological agents, and biomaterials, applied
independently or in combination (Fig. 25.10).145 Recently research advances in stem cells
and their therapies have gained attention and momentum in various RM approaches and
constitute a major domain of cell-based therapies adopted so far. They showed higher poten-
tial in addressing injuries and damages caused by various degenerative diseases, chronic dia-
betes, as well as aging.146 Driven by multiple microenvironmental cues and their stimulation,
stem cells renew by themselves, within a definite time period and differentiate further onto
specialized cells and tissue. Thus, they demonstrated their potential in addressing the
replacement or regeneration of damaged cells and tissues in an organ.147 Various regulating

FIGURE 25.10 Three major pillars constituting
regenerative medicine (RM).
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biological agents such as growth factors, signaling molecules, extracellular matrices (ECMs),
etc., aids stem cells and play a critical role in modulating the behavior of stem cells, during
the regeneration process.148

Nanostructures and bionanomaterials play a major role in intrinsic interaction with higher
specificity toward various biological systems involved in RM. One of their unique properties
lies in controlling stem cell signals and to analyze them further to study the mechanisms
involved in adult stem cell behavior.149 In this section, we have summarized bio-
nanomaterials employed for RM, addressing their important roles in tracking, imaging,
vascularization, and repair of degenerated tissues (Fig. 25.11).

7.1 Tracking and imaging cellular events

Nanomaterials are coupled with biomolecules in controlled conditions by employing inter-
disciplinary approaches to monitor and support the regeneration process. For example, iron
nanoparticles coated with dextran are used for tracking and studying stem cells with MRI
tools.150 Bio-mimetic coating helps the nanomaterials to enhance their solubility and attain
long-term stability. Further, they are easily internalized onto the cytoplasm, with higher la-
beling efficiency and provide real-time signals to the diagnostic tools. They possess higher
sensitivity than conventional gadolinium-based contrast agents and monitor the migration
of stem cells at their site of implantation. Magnetic-sorting techniques help to retrieve stem
cells from the excised tissues, such as spleen and bone marrow.151 Analysis of these excised
tissues provide valuable information about the distribution and differentiation of stem cells
and contributes toward significant clinical and research implications.

Conjugation of iron oxide nanoparticles with antitrasnferin receptor monoclonal antibody
helps to design new generation of antibody-functionalized bionanomaterials. These nanoma-
terials were used to target transferring receptors on the surface of progenitor cells, thereby
labeling them for monitoring the progress of regeneration in the central nervous system.152

FIGURE 25.11 Overall functionality of bionanomaterials in RM.
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Neurotransplantation of these nano-systems helped to track the extent of myelination in
nerve tissues. QDs or semiconductor nanocrystals integrated with biomolecules has opened
an array of opportunities to track and image the progress of tissue regeneration. Molecular
dynamics of integrin molecules responsible for the osteogenic differentiation of stem cells
were studied by QDs conjugated with integrin antibodies. These bionanomaterials also pro-
vided accurate optical identification of these critical integrin molecules involved in the bone
regeneration process. Similarly QDs conjugated with arginine-glycine-aspartic acid peptide
were used to label human mesenchymal stem cells (hMSCs) which provided their long-
term labeling as well as monitoring their differentiation onto various substages to form adi-
pogenic cells.153

7.2 Vascularization and repair of tissues

Self-assembled peptide nanofibers were designed to integrate revascularization process in
dental pulp tissue.154 Synthetic scaffold containing the peptide nanofibers mimics the natural
ECM thereby enhancing the cellecell and cellematrix interactions. Simultaneously, the deliv-
ery of growth factors such as vascular endothelial growth factor and encapsulation of dental
pulp stem cells in these peptide scaffold induced in vivo angiogenesis in the artificial teeth
implanted in a mice.

7.3 Translation of bionanomaterials

Even though fundamental science has been enriched with wide number of innovations in
the past, as evidenced by tremendous progress in the development of various nanomaterials
for RM, the number of marketed products is still a major concern, as compared to that of
traditional medicine. Rational design as well as strict evaluation of bionanomaterials could
improve their efficacy and minimize potential concerns. Safety concerns are one of the major
bottle-necks involved in the translation of bionanomaterials for various biomedical applica-
tions.155 Systematic comparison of nanomaterials during the clinical trials are hard tasks
due to the variation in the particle size, surface properties and stability, tumor properties,
pharmaco-kinetics analysis, etc. Significant and seamless collaborative efforts among various
research groups, investors, and regulatory authorities are essential for the commercialization
of clinically used bionanomaterials.

We summarized the role of bionanomaterials in various tissue regeneration processes such
as imaging, tracking, repair, and regeneration. New imaging techniques and modalities are
also reported in line with the evolving process of bionanomaterials. Synthesis techniques
of these nano-systems need to be evolved to enhance their sensitivity and reproducibility,
which helps them further in their translation from lab to the bed side. With the increasing
number of new bionanomaterials developed in this domain of medicine, they could have a
major impact on the translation of these novel techniques for better healthcare management
of the human race.
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8. Conclusion

Advances in nano-biotechnology allow the utilization of both biotechnology and nano-
technology to fabricate novel, complex nano-sized materials for the well-being of humankind.
Smart, functional nanomaterials provide an adaptable platform in exploring several chronic
illnesses and management in a more noninvasive route. Bionanomaterials of complex archi-
tecture, functionality, dimensions along with improved selectivity, sensitivity, and cargo tar-
geting capability are suitable for therapeutic use. However, the drawbacks on scale-up and
concerns regarding side effects associated with the in vivo applicability of these newly devel-
oped bionanomaterials remain questionable. According to the current scenario, the enhance-
ment of surface properties is a key step in developing smart materials for medical use. The
benefits and drawbacks associated with the relevancy of bionanomaterials for therapeutic
application should be investigated intensely during future investigations.
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1. Introduction

Biofilms are complex communities of microbes found on biotic or abiotic surfaces
embedded in genetically and physiologically diverse extracellular polymeric substances
(EPS). Prokaryotes were studied as free-flowing single colony entities for a great range of un-
derstanding of microbial life before we began to study the biofilm mode of microbial devel-
opment. The understanding of the biofilm lifestyle of bacteria is recent though observations of
this cooperative model have been quite early. As early as 1650, Antonie van Leeuwenhoek
described the ability of prokaryotes to form adherent colonies before the term “biofilm”

was coined by William Costerton in 1977 when he observed bacteria to have more adhered
to the bottom rocks than to exist as freely flowing in an Alpine Lake.

As bacteria switch to a biofilm mode of living as part of it’s adaptive response to survive in
different contrasts of environments, various distinct characteristics are expressed. These prop-
erties include protection for bacterial cells from antibacterial agents, nutrient limitations, host
immunologic defense systems, and other hostile factors. Several phenotypic and genotypic
characteristics of bacterial cells in biofilms are distinct from their planktonic counterparts
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and are responsible for the recalcitrance of antibiotics. The multi-factorial resistance is due to
the presence of biofilm-specific multi-drug resistance efflux pumps and the formation of
persister cells inside the biofilm matrix.1

Biofilms have significantly influenced the medical field and have several implications in
healthcare settings. As we understand the role of commensal bacterial biofilms as a patholog-
ical barrier in our gastrointestinal tract and on our skin, the relevance of studying the biofilm
mode of bacterial development in clinical settings has grown tremendously. It has been found
that alterations in the protective barriers can enhance the susceptibility to pathogenic bacte-
ria. Microbial biofilms infect wounds resulting in delayed healing and form scars. In stomach
infections caused due to gastric ulcers, Helicobacter pylori biofilms have been known to erode
the stomach lining. In cystic fibrosis non-removal mucus in the lungs leads to biofilm infec-
tion with additional morbidity and patient death. More importantly, nosocomial pathogens
i.e., harmful microbes present in hospital settings, have shown biofilm-forming abilities
and multi-drug resistance. In clinical settings, microbial contamination on a wide variety
of surfaces, mainly medical devices and implants results in over-usage of resources while
the associated infections are linked to complications, disease burden, morbidities, and
mortality.2

Bacteria and other microbes have the tendency to adhere to surfaces such as indwelling
medical devices and synthetic polymers, and eventually form bacterial colonies and mature
biofilms acting as a reservoir of pathogens. The eventual dispersal of bacterial cells from
mature biofilm leads to the dissemination of pathogens, systematic infection, and transmis-
sion. It is extremely difficult to eradicate the biofilm communities due to their multi-
factorial recalcitrance toward therapeutic interventions. Therefore, it is indeed essential to
develop long-lasting preventive solutions to avoid the development of nosocomial infections
on surfaces of medical importance, primarily, medical devices and implants.

Biofilms have been found to contaminate endotracheal tubes, vascular access catheters,
and urinary catheters. Also, ventricular assist devices, prosthetic valves, and pacemakers
have been shown to develop biofilm-associated complications over the period of their use.
Dental caries and orthodontal infections in dental care are certain implications of biofilms,
which were identified much early while the understanding of biofilm infections in other clin-
ical settings is recent Fig. 26.1.

The contemporary rise in antimicrobial resistance of nosocomial pathogens along with
their biofilm-forming ability has rendered device-associated infections to be “Achilles
Heel” of healthcare. Present-day antibiotics are no longer effective in eradicating biofilms
and, thus, the development of new antibiotics offers more gloom than the lure. Advance-
ments in Nanotechnology and its applications to develop nano-patterned and nano-
textured surfaces have emerged to be an interesting alternative to explore to enable enhanced
prevention of bacterial attachment. Surface-modified implants not only improve tissue inte-
gration and healing but also keep microbial species at bay.

As this volume of the series, gives a fascinating glimpse of cutting-edge multi-disciplinary
applications of multi-functional nanomaterials in diverse fields such as military applications,
energy generation and storage, animal nutrition, membrane distillation, biorefinery and
more, this chapter attempts to highlight key progress that nanomaterials have made in erad-
icating microbial infections in hospital settings primarily in events of medical device
implantation.
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This chapter exclusively brings an in-depth understanding of biofilms: origin and preva-
lence, their architecture: how they form and what they do, an overview of biomedical com-
plications, the current advances in applications of nanomaterials to develop antifouling
surfaces of medical devices and implants, and at the end, key future perspectives to guide
our move forward in the realm of applications of nanomaterials in developing surfaces pre-
venting device-associated infections. It is our hope that this chapter in the volume “Applica-
tions of Multi-functional Nanomaterials” will attract attention from interdisciplinary
researchers as well as clinicians actively engaged in the field of nosocomial infections, surface
science, microbiology, biomedical engineering, polymer science, and nanotechnology.

FIGURE 26.1 Biofilm infections occur in diverse medical devices and tissues in the human body. This figure is
taken from Lebeaux, D, Chauhan, A, Rendueles, O, Beloin, C. From in vitro to in vivo models of bacterial biofilm-related in-
fections. Pathogens 2013;2:288e356.

1. Introduction 597

IV. Biomedical applications of nanomaterials



2. Biofilms: origin and prevalence

We have understood bacteria as a unicellular life form. The lifestyle of bacteria in synthetic
media and laboratory conditions has shaped our understanding of it as a single colony struc-
ture. Also, we have studied bacteria in a traditional system where bacterial cells are freely
swimming around in a liquid medium composed of tailored nutrients. Such studies have
indeed benefitted us by expanding our awareness of bacterial morphology, physiology, ge-
netics, metabolic activities, disease pathogenesis, and many other aspects.

Interestingly, bacteria rarely exist in nature as simple creatures. They tend to exist in nature
as complex communities and behave much differently than free-flowing bacteria. While exist-
ing in communities, bacteria display properties different than those studied when they are in
planktonic form.

In nature, for example, bacteria exist in aggregates and granular forms on substrates in the
aquatic environment3 and waste-water treatment digesters.4 The lifestyle of bacteria when it
exists in communities is believed to play an important role in various biogeochemical cycles
of the biosphere.5 Biofilms are also found in harsh-unusual environments such as acid mine
drainage where due to acidic conditions pH is very low and bacterial biofilms help in regu-
lating the sulfur cycle.6 In our daily lives, we come across dental caries due to plaque forma-
tion over our teeth and fouling in kitchen sinks, all due to the formation of microbial
assemblages over numerous surfaces.

Biofilms are communities of microorganisms attached to a surface or adhered to cells or
both, encapsulated and surrounded by the matrix composed of self-synthesized extracellular
polymeric substances (EPS). This mode of microbial lifestyle is an eventual development of
the “microbial get-together”, which could consist of single or multiple species.

Almost a 100 years back, people observed biofilm spoil the substrates such as those of ma-
rine ships.5 Today, due to advancements in microscopy and imaging techniques, the advent
of microelectrodes and modeling, we have been able to profoundly understand biofilms at
molecular levels. All such efforts have helped us to understand that biofilms are just not
only slime encapsulations of microbes but rather well coordinated, cooperative, and commu-
nicating structures adapting to varied physiological conditions of environments.

Biofilms on a micro-scale are cities comprising bacteria dwelling in huge structures. These
cities are also powered by communication and interactions just like people around us interact
with each other for basic necessities inhabiting physical spaces such as tall buildings. The ma-
trix of the biofilm offers a different physio-chemical environment inside it where cells
communicate and interact with each other distinctly. This communication is influenced by
conditions in the biofilm matrix and external environmental cues. The understanding of
the matrix properties, the role of intercellular interactions inside the matrix, and the suste-
nance of biofilm lifestyle with continuous adaptation to the external environment enable
us to elucidate mechanisms that make biofilms recalcitrant and difficult to eradicate.7e9

3. Architecture of biofilms

3.1 How do biofilms form and disassociate: friend-ing and unfriend-ing the
surface?

In the presence of environmental cues (stimuli), microbes begin to interact with surfaces
that are available around them. The attachment of microbes to a substrate is a concerted
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phenomenon determined by microbial cell surface characteristics, substratum’s properties,
and surrounding liquid conditions. The attachment process consists of reversible and irre-
versible steps.

To understand the ecological, health, and economic impact and relevance of surface-
associated communities, we must understand how bacteria adhere to the substrates such
as skin, medical devices, marine ships, kitchen sinks, human teeth, tissues, etc. Bacterial
adherence has been widely studied in the context of liquid-solid interfaces.

Surface-associated bacterial life commences when bacteria sense environmental stimuli or
factors. These environmental signals differ from one bacteria to another. Some bacteria will
form surface-associated communities under any circumstances like P. aeruginosawhereas Vib-
rio cholerae grows only when additional nutritional components are present. Other than the
growth factors (nutritional cues) acting as environmental stimuli, there are other factors in
whose response bacteria start to find a surface for adhesion such as a change in pH, osmolar-
ity, temperature, and oxygen.10 Adhesion onto a surface leads them to develop biofilm mode
of lifestyle resulting in their better survival and sustenance.

When the bacteria sense any kind of environmental stimuli, they attempt to attach to the
surface around them in a reversible and irreversible form. Bacteria along with other blood
cells (in the case of medical devices) are in Brownian motion and under the influence of grav-
itational and surrounding hydrodynamic forces. This keeps them in contact with surfaces
where they interact for adhesion and colonization. Depending on the change in numerous
gradients such as pH, temperature, nutrition, oxygen, ions, etc., they respond to attractive
and repelling forces that they experience with the substratum. The properties of the substrate
such as surface wettability, mechanical properties (elastic modulus and tensile strength), and
surface chemistry along with the characteristics of the surrounding media determine bacterial
adhesion. In this process, motile bacteria may exploit their flagellar movement to overcome
forces that take them away from surfaces such as hydrodynamic forces of liquid or repulsive
forces of the substrate where it tries to adhere.11 In response to the nutrient gradient, chemo-
taxis also promotes bacterial adhesion onto a surface.12

The initial attachment being reversible is an interplay of the properties of the substrate and
liquid media, and the environmental cues that bacteria experience when it is freely-flowing
around. Bacteria do not commit themselves to the surface while all such initial movements
and surface interactions are reversible if they find better nutrient availability elsewhere or
get removed off the surface by hydrodynamic forces.

The irreversible and strong attachment to the surface takes place using additional adhesins
and adhesive organelles. P. aeruginosa uses type IV pili (i.e., multi-subunit adhesive organ-
elles) to mediate its motility through liquid media13 while E. coli uses type 1 fimbriae to
mediate adhesion on the surface.14,15 They help bacteria to firmly hold onto the surface after,
which the bacteria self synthesizes and organizes large EPS-encapsulated structures. The
multi-layered growth of thick biofilms occurs due to a large amount of EPS accumulation,
which could result in a film with a smooth surface16 or a complex and a typical one i.e., bac-
terial aggregates with water channels.17

We must understand that while bacteria are responding to the environment and surfaces
around them as part of their adaptation and survival mechanisms, it also undergoes a lot of
genetic changes evident from the genes transcribed specifically and differently during biofilm
formation.13,18 These different gene expressions are driven by transcription factors that pro-
mote events of surface association and secretion of extracellular polymer substances like car-
bohydrates, amino acids, extracellular DNA, and lipids. As EPS molecules are synthesized,
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bacteria irreversibly adhere onto the surface. Once the initial layer of biofilm is formed
comprising EPS matrix entrapping bacterial microcolonies, more bacterial cells (same or
different species) from the liquid media around it come over to join the “microbial get-
together” and form “mushroom”-like structures or even, flat monolayers. Depending on
the metabolism and aero-tolerance, bacteria are arranged in different layers of biofilm,
such as anaerobic bacteria settle in lower layers to avoid exposure to oxygen. In order to
perform specialized functions, bacteria communicate using quorum sensing systems among
the same or different species, also referred to ascross-talk” to perform specialized functions.
We have discussed this in detail in the next section. As the production of more layered struc-
tures takes place with more EPS secreted, biofilm becomes mature and gradually disperses
entrapped bacteria.

Dispersal in biofilms is vital for bacteria to survive, expand and reproduce. Biofilm deat-
tachment (dispersal) may occur by a physical process, environmental stress cues, or gene ex-
pressions favoring dispersal. Biofilms are continuously exposed to varied shear stress,
hydrodynamic forces and flow velocity of liquid fluids around and bacteria continue to
passively disperse. The detachment by physical forces is mainly by shearing, sloughing,
and abrasion. These physical processes are discussed in detail by Brading and coworkers.19

More than the physical processes, which cause the passive dispersal of bacteria from biofilm
to planktonic lifestyle, it is the environmental changes that cause bacteria to shift to plank-
tonic mode. Inside the mature biofilm structure, there are several events, which trigger bac-
teria inside the assemblage to disperse due to the increase in toxic by-products, change in
nutrient composition, fluctuations in gradients of pH and oxygen, and various other stress
conditions.20 Due to nutritional depletion, in P. fluorescens, the production of EPS lyase in-
creases to mediate biofilm dispersal21 and due to oxygen-limitation, dispersal occurs in
P. putida biofilms.22 At the same time, it is not possible to generalize nutrient depletion to
cause biofilm dispersal as nutrient abundance can assist dispersal such as in environmental
Acinetobacter sp. biofilms.23

The process of detachment enables bacteria to either move out of nutrient-deficit environ-
ment or take advantage of available nutrients to enhance metabolism, reproduce and disperse
for expansion.24 It is possible for the process of biofilm dispersal to be genetically orchestrated
other than the process being environmentally induced. Biofilm dispersal is based on periodic
disassociation of the biomass from the substrate where nutrient depletion doesn’t trigger
dispersal and thus, is a genetically orchestrated event such as in P. putida.25

3.2 What do bacterial biofilms do?

3.2.1 Cross talk: quorum sensing

Bacteria respond to the change in the density of certain chemical compounds by activating
a particular gene cascade. Also, bacteria secrete chemical compounds, which as chemical sig-
nals cause other bacteria to respond. This ability to respond to chemical signals and as well
generate chemical signals establishes communication across the membranes with even
different microbial species. This communication occurs inside the bacterial biofilm and across
it as well even with mixed bacterial species. Besides, making the biofilm architecture robust,
the EPS polymeric network also facilitates better communication due to the close proximity of
bacteria and, thus, diverse cellular changes over a period of time.
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There are mainly three types of quorum sensing systems that are well-studied. The first
one is found in gram-negative bacteria consists of LuxI/LuxR-based quorum sensing system.
Acyl-homoserine lactone is signaling molecule, capable of diffusing across the cell membrane,
which is synthesized using LuxI protein. As more bacterial cells synthesize AHL, indicating
an increase in cell density, it binds with LuxR protein. This complex formation of AHL-LuxR
initiates the transcription of certain genes, which creates biofilm mature. Here, LuxR acts as a
transcriptional regulator. Genes responsible for biofilm formation are upregulated with help
of LuxR-AHL complex where AHL production plays a key role in the transcriptional regula-
tion of LuxR. And, the AHL production is driven by LuxI, therefore the process is called
LuxI/LuxR quorum sensing system.

The second QS system involves peptides of varying lengths that act as QS signaling mol-
ecules and this system of communication is shown to exist in Gram-positive bacterial species.
Such as in S. pneumoniae a 17-residue peptide is responsible for quorum sensing.26 Third
group of signaling molecules consists of autoinducer-2, boron-furan-derived signal mole-
cules, which are found in Gram-positive and Gram-negative bacteria.

Not only do bacteria communicate using quorum sensing with the same species cells, but
they also communicate with the cells of other species and as well kingdoms. We can get a
deep understanding through dedicated reviews discussing them in detail.27,28

QS systems have been known to regulate various physiological processes such as secretion
of virulence factors, antibiotic resistance, biofilm formation, and more.29 Many studies
demonstrate that in absence of quorum sensing systems, the grown biofilms are susceptible
to antibiotics such as tobramycin and kanamycin treatment, H2O2 treatment, SDS, immune
cells phagocytosis.30,31 This is well explained by an example: in one of the strains of
P. aeruginosa PAO1, LuxI/LuxR quorum sensing system is found to be responsible for
eDNA formation, and in absence of eDNA, biofilms show susceptibility to detergents such
as SDS.32

3.2.2 Recalcitrance: a powerplay of characteristics in biofilms

Bacteria display prolonged survival against antibiotics in a biofilm lifestyle unlike being
susceptible in planktonic mode. It has been shown that disinfectants such as sodium hypo-
chlorite needs to be 600 times more concentrated to be effective to inhibit S. aureus biofilms
than to inhibit S. aureus planktonic cells.33 Biofilm mode of bacterial development in medical
settings is difficult to treat and causes recurrent infections and morbidities. The ability of bac-
teria in biofilms to tolerate, resist and persist in presence of a wide range of antibiotics is due
to multiple factors and characteristics specific to the biofilm lifestyle of bacteria.

a. Slowed Growth Rate and Persister Cells: Bacterial cells in biofilms are metabolically inac-
tive owing to scarce oxygen and nutrient content. Antibiotics that target metabolic events
and processes like cell growth, and cell division to disrupt bacterial growth are ineffective
due to the presence of dormant cells. b-lactams are used to target dividing cells but they
don’t work when treated to E. coli biofilms due to metabolically dormant cells.34 The sub-
population of cells in biofilm matrix, whose growth rate is extremely slow and develop
phenotypic variations, known as persisters are neither dead nor metabolically active and
are a reservoir of infectious pathogens as they get activated when they disperse from bio-
film matrix.35
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b. EPS Matrix Protection: Suci and colleagues reported that the penetration ability of cipro-
floxacin was dramatically reduced in P. aeruginosa biofilm.36 In K. pneumoniae biofilm,
ampicillin’s tolerance is shown by Anderl and colleagues due to reduced penetration
capability of ampicillin.37 This is because EPS matrix, consisting of charged polysaccha-
rides and eDNA, plays a significant role in entrapping the antibiotic and limiting it’s
reach to the bacterial life inside biofilms. Besides conferring antibiotic resistance to the
biofilm, the EPS matrix also gives overall physical protection to the sessile communities.
Lied et al. concluded that biofilms escaped human leukocyte killing due to the presence
of alginate exopolysaccharide in the EPS matrix while it’s absence resulted in killing bio-
film bacteria.38

c. Efflux Pumps: Efflux Pumps enable bacteria to flush out intracellular toxins including anti-
biotic drugs. These pumps are protein complexes that are expressed in planktonic cells
while the genes encoding the efflux pumps are found to be upregulated in biofilm life-
style. Zhang et al. have shown that a specific gene i.e., PA 1874e77 in P. aeruginosa was
responsible for efflux pump formation and found to be upregulated in the biofilm of
P. aeruginosa leading to enhanced resistance toward antibiotics.39

d. Horizontal Gene Transfer: High frequency of horizontal gene transfer occurs in biofilm bac-
teria. We have seen in the case of S. aureus that the biofilm lifestyle promotes plasmid
transfer and results in antimicrobial resistance owing to plasmid-mediated conjugation pro-
cess of gene transfer.40

4. Medical biofilms: complications in medical devices

The usage of medical devices, such as voice prostheses, artificial organs, contact lenses,
catheters, and hip and knee implants, has become an integral component of modern medi-
cine to restore and enhance the biological function of any component of the body, assist
in therapeutic interventions to treat diseases in the body and monitor various body func-
tions. The global market of biomaterials that are implanted is expected to touch $133 billion
by 2022.41

The surface of medical devices, which indwell or are implanted in patients are known to be
associated with bacterial attachment, formation of complex communities, and the subsequent
persistent infections.42 Biofilm-forming abilities of bacteria present in critical care settings pre-
sent a significant challenge besides the risk of contagious spread in patients to cause systemic
infections.43 The EPS matrix of biofilm shows high resistance to antibiotics, environmental
stresses, and clearance by the host-immune system, causing chronic infections.44

The formation of conditioning films on indwelling medical device surfaces as a function of
physical and chemical properties of the surface and surrounding liquid facilitates bacterial
adhesion on medical device surfaces.45 The surface characteristics such as roughness at the
microscale level and environmental conditions such as the gradients of nutrients pH, temper-
ature and osmolarity also determine the species-specific formation of surface-associated com-
munities on medical devices. For instance, Enterococcus spp. and E. coli are dominant species
found in CAUTI infections while S. aureus is widely reported to be present in central venous
catheter-associated infections. As medical devices are exposed to blood circulation, the forma-
tion of a layer of albumin, glycoproteins, immunoglobulins, fibronectin, and host proteins
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takes place attracting nonspecific (such as van der waals, coulomb, and strong hydrophobic
interactions) and specific receptor-ligand interactions. In medical devices, within a few days
depending on species, biofilms reach maturation.46

Microbes in planktonic lifestyle swim in random Brownian motion and hydrodynamic
forces in local physiological and interstitial fluids before meeting the biomaterial surface.
We can call the process of initial adhesion an “interplay” or “tri-lateral” (host-device-
microbe) interaction of host factors including immune response, microbial properties as a
result of activities such as gene expressions of motility encoding genes, adhesins/autolysins
expression and quorum sensing, and device material properties. Biofilm lifestyle commences
when microbes encounter and respond to the challenges for survival and adaptation. When
free-flowing bacteria come across the surface of medical devices, they explore it with help of
flagella, cilia, or fimbria. Bacteria may find the surface to be either deposited with plasma pro-
teins as part of the conditioning process or immunocytes as part of the immune response to
the biomaterial depending on the delay of contamination after implantation. Bacteria form
specific and irreversible contact with the surface to mark the onset of biofilm aggregation
and disease pathogenesis (Fig. 26.2)

Infections resulting from microbes present in hospital settings are termed nosocomial in-
fections, while infections in medical devices constitute 50% of such nosocomial infections.47

Biofilm infections in medical devices can arise from the skin of the patient, the skin of the crit-
ical care worker or from the surrounding clinical settings. The most common pathogens to
cause infections in medical devices are Gram-positive bacteria with S. epidermidis involved
in every 8 of 10 reported cases.48 The other Gram-positive bacteria associated with biofilm
infections in medical devices include Enterococcus faecalis and Staphylococcus aureus while
Gram-negative bacteria include Klebsiella pneumoniae, Escherichia coli, Proteus mirabilis and
Pseudomonas aeruginosa.47

Device-associated infections are excruciatingly notorious in patients with compromised
immune systems and who are already receiving critical care.49 Biofilms reduce device’s

FIGURE 26.2 Schematic to show different parameters affecting the biofilm formation and eventually the anti-
biofilm strategies. (A) Different bacterial components playing role in surface contact; (B) Blood factors affecting
bacterial adhesion leading to biofilm formation; (C) Surface properties of medical device.
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functionality or mechanical failure leading to device’s painful removal and replacement.50

Such complications in medical devices cause extended patient stays, increased cost-burden
due to overuse of resources and morbidities resulting in mortality.51

Biofilm infections due to their multi-factorial recalcitrance (as discussed above) are difficult
to eradicate and treat. Several research efforts are done to develop preventive strategies to
avert the formation of surface-associated communities on surfaces of medical devices.

5. Application of nanomaterials to reduce the risk of device-associated
infections

At the nanoscale, materials display several unique characteristics, which we don’t find
when they are in the bulk state. Compared to both micro and bulk, nanosized materials
show quantum confinement effect.52 The effect is observed if the size of the particle is small
in comparison to the wavelength of the electron. Quantum Dots (QDs) due to their small size
(w10 nm or less) exhibit difference in optical and electronic properties compared to bulk, like
quantum size-dependent luminescence and nonlinear optical properties of silicon quantum
dots/SiO₂ multilayer.53 It is known that the bandgap of group IIeVI semiconductors be-
comes narrower as the constituting atoms become heavier. In the case of nanoparticles
with diameters of 2e10 nm, the bandgap is increased due to the quantum size effect
compared with the bulk semiconductor.54 The tuneable optical properties of QDs based on
their size are leading to a variety of applications including bioimaging, solar cells, LEDs,
diode lasers, and transistors. In biological context, the small size (less than 100 nm) of nano-
materials enables them to interact with the cell wall of bacteria. Apart from small sizes,
diverse shapes, and morphologies (wires, rods, sheets, etc.), nanomaterials possess unique
bioactive features also due to high surface-to-volume ratios resulting in prolonged surface
contact and better chemical reactivities. This also makes them be appropriately used as
drug-loading carriers and targeting entities along with their permeating nature.

Antibacterial nanomaterials i.e., materials having intrinsic bactericidal properties, ranging
from metal and metallic oxide nanoparticles, carbon nanotubes and fullerenes, and a mono-
layer of antifouling polymers or such materials may act as a carrier (or releaser) of antibac-
terial agents such as nitric oxide (NO) and antibiotics. Also, their shape and surface charge
effectively cause cell death due to disruption of the cell membrane. Metal and metallic oxide
nanoparticles (NPs) are among the most commonly studied and applied for antiinfection ap-
plications. Numerous metal and metal oxide NPs, such as silver NPs, gold NPs, selenium
NPs, titanium dioxides (TiO2) NPs, zinc oxide (ZnO) NPs, and magnesium oxide (MgO)
NPs, have shown a broad-spectrum of antimicrobial properties against both Gram-positive
and Gram-negative bacteria.55 Several nanocarriers such as mesoporous silica, liposome,
polymeric NPs, etc. have been also developed as well to better deliver and control the release
of classical antimicrobial drug improving their action.56

There are several mechanisms shown by nanomaterials that exhibit their biocidal char-
acter. The surface charge of nanomaterials,57 their particle size,58 cell membrane alterations59

caused by them, their ability to interfere in the metabolic pathway,60 disrupting the cell’s res-
piratory chain,61 causing peroxidation of lipids,62 different morphologies,63 uncoiling of
DNA,64 ROS production,65 nitrosation of thiols of proteins.66 The biocidal nature of
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nanomaterials is mostly due to utilization of multiple mechanisms. The exact mechanism by
which nanoparticles exert their antimicrobial activity is not well-understood due to compli-
cations involved while studying planktonic bacteria and nanomaterial each separately
from physicochemical standpoint as both systems individually (bacterial cell and nanomate-
rial) are sophisticated and complex. The biofilm lifestyle of bacteria is a further complex
microenvironment to study the interaction of nanoparticles. There are several approaches us-
ing different organic and inorganic nanoparticles, nanotextured surfaces, and
nanocomposites.

5.1 Polymeric nanoparticles

Polymeric Nanoparticles are increasingly gaining interest among researchers to use it as
drug delivery vehicles due to its several characteristics such as ease of preparation, simple
to functionalize, stabile during periods of storage, and controlled release behavior.67

Polylactic-co-glycolic acid (PLGA) nanoparticles were used to load antibiofilm hydrogel
xylitol to improve it’s penetration in the biofilm matrix of bacterial wound infection.68

Interestingly, polymeric NPs are also applied as coatings on the surface of medical devices,
which are susceptible to device-associated infections. The sustained and controlled release of
nitric oxide (NO) is achieved using hydrogel/trehalose composite nanoparticles (10 nm)66 to
prevent S. aureus biofilm formation on glass surfaces (30% reduction in adhesion). Further,
the ability of NO-np to eradicate biofilms on the surfaces of the medical device i.e., CVC is
investigated both in vitro and in vivo resulting in a significant reduction of biofilm cell
viability.69 This study presents both prophylactic and therapeutic application of NO-
releasing hydrogel/trehalose composite NPs. Several derivatives of quaternary ammonium
polyethyleneimine (QA-PEI) nanoparticles have been evaluated as biocidal additives in
dental implant materials due to their antibacterial and biocompatible properties.70 When
incorporated in dental implant base material, QA-PEI NPs have shown significant antibiofilm
activity in vivo along with biocidal activity toward broad spectrum salivary bacteria. This is
achieved by incorporating very low concentration of QPEI NPs (1% w/w) in dental resin
composite potentially triggering stress on the biofilms that later form on dental implants.71

In another study, researchers used biocompatible NPs to coat the polyethylene (PE) surfaces
relevant to minimal-invasive medical instruments that can be removed for cleaning the de-
vice for effective sterilization and stop any circulation of infectious pathogens in future
use. This is achieved by depositing cetyl palmitate and silicium (Sicarstar) nanoparticles using
anisothermal physical plasma (in low-pressure discharge regime) on the PE surface. The
developed nano layers show no cytotoxicity to the keratinocyte cell line and exhibit 2e3
log reduction of S. aureus and P. aeruginosa bacterial colonization.72

Polymer NPs provide a low cytotoxic, therefore, more biocompatible platform along with
long-lasting nature and antibacterial properties. However, studies are missing to evaluate the
interactions of these polymers with host factors and resultant surface properties.

5.2 Silver nanomaterials

The capabilities of silver compounds to be used as a disinfectant has been identified long
back. Recently, antibiotic resistance has been found to be associated with chronic bacterial
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infections, particularly biofilms. Silver’s intriguing antimicrobial character across a wide
range of Gram-negative and Gram-positive bacteria have resulted in tremendous research
on silver nanomaterials. Also, silver nanomaterials have been extensively explored to develop
coatings on the substrates and surface modifications in the base materials that are used to
manufacture medical implants, devices, instruments, and surfaces relevant in hospital
settings.

Glass surfaces were immobilized with self-assembled monolayers of AgNPs to prevent
biofilm formation. This method of modifying the surface consisted of presilanization of the
glass surface with (3-aminopropyl) triethoxysilane and the subsequent AgNPs (9 nm) mono-
layer formation with help of noncovalent interactions between eNH2 groups and silver
atoms. AgNPs exhibited significant antibiofilm activity against strong adherent,
methicillin-resistant, and biofilm-forming pathogenic bacterial strain, which was isolated
from a patient with sepsis due to intravascular catheter-associated infection. Also, in the
same study, AgNP-monolayers showed stability in an aqueous medium, prolonged release,
and minimal detachment of AgNPs from the surface.73 In another approach, uniform distri-
bution of silver nanoparticles over the silicon polymer surface along with the effective release
of silver ions is achieved. Organic complexes of silver are dissolved in supercritical carbon
dioxide and later exposed to hydrogen gas, which further results in the decomposition of
organometallic precursors of silver and ultimately, resulting in the homogenous distribution
of silver nanoparticles. It was found that after surface modification and formation of condi-
tioning film over it, the silver ions were still able to release and show antimicrobial prop-
erty.74 Further improvement for controlled and long-lasting release of silver is established
while composing antimicrobial denture materials by adding AgNPs (60 nm) to
polymethyl-methacrylate (PMMA) resin, which is used to develop dentures. An antimicrobial
denture base polymer with long-lasting silver release with greater diffusion into the PMMA
denture resin was developed, which can prevent denture stomatitis and several disease com-
plications related to oral mucosal tissues in people who wear complete denture75 Moreover,
several strategies have employed silver nanoparticles and incorporated them directly upon
the surface of medical devices such as to study the translation of antimicrobial and anti-
fouling nature of AgNPs in the application.

Plastic catheters (PE-BAX polyamide 20 gauge catheters) are coated with a thin layer of
AgNPs with sustained release of Ag þ ions eluting even after 10 days in vivo implantation.
The coating exhibited significant antimicrobial activity and prevented biofilm-forming ability
over a broad range of microbes including S. aureus, coagulase-negative staphylococci, E. coli,
Enterococcus spp. and Candida albicans.76 In another study, urinary catheters are coated using
Ag-PTFE (silver-polytetrafluoroethylene) nanocomposite. AgNPs with size 50e200 nm is
incorporated into the PTFEmatrix. The combined improved effect of the Ag-PTFE nanocompo-
site displays both antiadhesive and antibacterial activity against bothGram-negativeE. coli and
Gram-positive S. aureus. The antiinfection capability of Ag-PTFE coated urinary catheter
assessed in in vitro bladder model was promising while improving the working life of silicone
urinary catheter from6 to40 days.Moreover, goodbiocompatibilitywasassociatedwith theuse
of Ag-PTFE coatingwith fibroblast cell lines.77 Further, the antiencrustation ability of Ag-PTFE
nanocomposite coatings results in lesser resistance andblockages inside urinary catheter.78 Sur-
gical sutures dip coated byAgNPs (2e5 nm in size) displayed antiadhesive activity resulting in
reduced adhesion of S. aureus cells. Moreover, the silver ions continue to release >30 days
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indicating long-term release ability and noncytotoxicity to eukaryotic cell lines.79 AgNPs syn-
thesized by Mussel-inspired green synthesis have been used to apply on commercial Central
Venous Catheters. Besides, dopamine after getting auto-oxidized forms adhesive polydop-
amine films on inorganic and organic materials. Catechol groups in polydopamine films act
as reducing agents to generateAgNPs. CVCs treatedwith dopamine solution followedby treat-
ment with silver nitrate solution leads to AgNPs production. The coating of the medical device
i.e., CVC with 30e50 nm spherical size AgNPs display concentration-dependent antibacterial
activity. The eukaryotic cell’s (host cells) cytocompatibility is poor at higher doses and good
at lower doses, which can be further investigated in vivo studies.80

Silver has been used as an effective antibacterial agent over the past several decades in
various forms such as metallic silver, silver salts, and colloidal silver. Silver Nanoparticles
are extensively applied in cosmetics, textiles, wound dressings, food packaging films, water
remediation, and electronic devices that significantly contribute to human and environmental
exposure.

In the application of silver as an alternative to antibiotics, bacterial resistance against
ionic silver is well established. Silver ionic resistance has been shown to comprise of
Ag þ reduction to a neutral oxidation state where silver is no longer toxic to bacteria
and, another mechanism where Agþ/Hþ chemiosmotic antiporters or P-type adenosine tri-
phosphatases cause efflux of Ag þ inside the bacterial cells.81 As well, silver nanoparticles
result in bacterial resistance i.e., mediated by elimination of silver ions.82 There are few
recent studies, which explore bacterial resistance due to AgNPs. In one study Paná�cek
and colleagues83 elucidated the mechanism of silver nanoparticles due to the production
of flagellin (bacterial flagellum protein) causing aggregation of silver NPs while another
study attributes the resistance due to flagellum-based motility instead of aggregation of
nanoparticles.84

Interestingly, gram-positive bacteria have not shown so far any resistance to AgNPs,
which covers a broad range of clinically relevant and drug-resistant bacterial strains. This in-
cludes a wide range of nonmotile bacteria S. aureus, several types of Streptococci and Acineto-
bacter, and even P. aeruginosa, which switches to a nonmotile phenotype in late and chronic
infections.85 Though bacterial resistance mechanisms are currently investigated and sur-
rounded by debate, it is somehow clear that their widespread application can contribute to-
ward global antimicrobial resistance.

5.3 Titanium oxide nanomaterials

Titanium offers several properties, which makes it favourable material to design medical
implants from showing more resistance to bacterial colonization than steel to display, in its
oxide form, strong mechanical strength, biocompatibility, and chemical stability.86

TiO2 nanotubes were fabricated using electrochemical anodization and further loaded
with bone morphogenetic proteins (BMP2), which help in osteoblast differentiation and
bone healing. Chitosan’s layer and Alginate dialdehyde conjugated with gentamicin’s layer
was alternatively coated on BMP2-loaded Titanium nanotubes with help of spin coating
layer-by-layer. This layer-by-layer assembly showed the antibacterial property and good
biocompatibility with osteoblast cells. The antibacterial activity shows a modest two-log
reduction. This coating demonstrated in vitro differentiation of osteoblasts, improved
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alkaline phosphatase activity, enhanced mineralization capability, and promoted osteogenic-
relative gene expression and all these events are associated with the bone healing process.87

In another report, Titanium oxide nanotube arrays (30 or 80 nm) also synthesized using
anodization on titanium substrates significantly reduced colonization of S. epidermidis.
Also, the adhesion of C3H10T1/2 cells with osteogenic potential, which morphologically
similar to fibroblasts and functionally similar to mesenchymal stem cells (help in repairing
bone/cartilage tissues).88

5.4 Zinc oxide nanomaterials

Zinc Nanomaterials are the second most exploited metal nanoscale materials after silver in
the context of their antibacterial and antibiofilm activity. A unique advantage of the use of
zinc nanomaterials is their cytocompatibility with eukaryotic cells while exhibiting antimicro-
bial activity comparable to AgNPs.89

The development of ZnO Nanoparticles coatings on glass surfaces deposited by sono-
chemistry was explored to prevent bacterial colonization. The coated surface produced hy-
droxyl radicals, which limited bacterial activity and showed no biofilm growth for
10 days.90 ZnO NPs (5 nm) were deposited on titanium plates exhibiting nanoscale topog-
raphy using sonochemistry. The impact of different Ti nanoscale topography (a periodic
structure like Titania nanotube vs. a non-periodic structure like Titania Nanoleaf), as
well as ZnONPs incorporated with these nanostructures in reducing bacterial adhesion
and promoting cellular viability, was studied. The antibacterial activity of ZnO NPs was
concentration-dependent. The antimicrobial mechanism of ZnO NPs was through mem-
brane damage as well as through the release of Zn2þ ions.91 In another strategy to modify
the base material of orthopedic implant, ZnO nanomaterials are combined with nano-
hydroxyapatite and later, deposited on titanium discs (dental implant substrate) using
an electrohydrodynamic deposition. A homogenous and uniformly coated surface of
ZnO and HA NPs (20e100 nm) along with their composite mixtures could be coated
onto the surface of titanium discs. The growth of biofilm was monitored over 4 days on
the surfaces coated with antimicrobial nanoparticles. Besides, the composite (nZnO þ nHA)
displayed negligible antimicrobial activity while leading to significant biofilm growth
reduction. The composite coating reduced the overall number of bacteria and possibly
inhibited microbial growth and thus, preventing the biofilm growth to reach a steady state.
There are multiple modes of actions of the composite coatings, which altogether result in
distinct growth events of bacterial biofilm, which were not explored in this application
of ZnO nanomaterials.92 In another strategy, ZnO Nanoparticles along with gallic acid
and chitosan have been used to develop coating formulation for contact lenses. Silicon
hydrogel contact lenses can be coated in a one-step high-intensity ultrasound coating pro-
cess with chitosan, gallic acid, and ZnO Nanoparticles simultaneously to result in an anti-
bacterial surface. The nanocomposite coating on a contact lens is multi-functional with
properties like antioxidant and antibacterial to pathogenic S. aureus and biocompatible as
it doesn’t induce damage to human cells.93

Interestingly, the doping of Zn has been done in CuO to result in Zn:CuO nanoparticles for
applying coatings over the surfaces of artificial teeth, contact lenses, and pediatric catheters.
Zn:CuO nanoparticles (30 nm) were also used to create a coating via a sonochemical
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deposition process during which the artificial tooth. Zn:CuO NPs displayed antibacterial ef-
ficacy in presence of S. mutans by disrupting the cell membrane integrity causing intracellular
ROS generation. Moreover, 88% reduction in biofilm formation was observed with Zn:CuO
coating.94 Zn0.11Cu0.89O (ZneCuO) nanoparticles (30e65 nm) were also used to confer anti-
bacterial activity to contact lenses. Zn-doped CuO composite was formed and coated in con-
tact lenses using sonochemistry. The significant reduction of adhesion of S. epidermidis and
P. aeruginosa was observed while the leaching profile of ions from nanoparticles was low.
Several physical properties such as refractive index, oxygen permeability, softness, and
biocompatibility have to be explored to establish well-characterized contact-less coating
with potential activity to reduce contact-less associated microbial keratitis.95 Zn-doped
CuO nanoparticles were coated on silicone pediatric catheters using ultrasound nanofabrica-
tion. Along with stability and low leaching levels, the coating significantly inhibited biofilm
activity with a maximum inhibition of 99.5% for P. mirabilis. Biocompatibility, in terms of
eukaryotic cell cytotoxicity, irritation potential, and cytokine secretion levels, was evaluated
for the coated catheters in vitro and various histopathological and biochemical parameters
were assessed in vivo, revealing no toxicity and abnormalities. The coating upon assessments
in in vitro experiments shows a 99.5% reduction in viable bacterial cells, implying that there
are still more than 105 bacterial cells after the killing of the rest of the cells. In order to eval-
uate the robustness of coatings to be able to kill bacteria effectively, a high dose inoculum
in vivo over a long duration of catheterization is important to validate the promise of coatings
to prevent CAUTI in rabbits.96 The period of catheterization in the study is 7 days during
which the coated catheters didn’t show any incidence of bacteria, unlike the uncoated cath-
eters where more than 105 bacteria were found to be present.

5.5 Nanotextured surfaces

It is possible to develop nanostructured surfaces, which prevent bacterial adhesion and do
not release biocides or inhibiting agents for killing microbes, thus, employing a passive
approach to reduce the risk of infectious microbial fouling. There are several limitations asso-
ciated with surface coatings and modifications such as bacterial resistance against antimicro-
bial coating agents, available for release over a limited period of time, and the durability of
the modified surface is short term. Nanotextured surfaces involve the creation of specific
patterned surfaces at the nanoscale either due to introducing nanopatterns or nano-size ob-
jects (such as particles, micelles, vesicles, and tubes) over micropatterned surfaces. Several
research studies have been pursued in this direction, which can be broadly categorized as sur-
faces inspired by nature such as antifouling diamond nanocones mimicking cicada fly
wings97 or synthetic micro- and nanostructured surfaces having roughness that mimics nat-
ural patterns.

Shark’s skin like micropattern is done to design antibiofouling surface and developed
upon endotracheal tubes to result in 99% prevention in bacterial adhesion and reduced bio-
film formation of S. aureus and P. aeruginosa.98 In another strategy, cicada fly wings were
mimicked on titanium surfaces and mechanically kill P. aeruginosa bacteria by causing stretch
in cell walls by nanospikes to result into cell puncturing. Cicada wing-inspired nanowires are
designed on clinically relevant titanium surfaces with the help of an alkaline hydrothermal
process to eradicate gram-negative motile cells.99
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Silicon nanopillars have been patterned to develop a high aspect ratio surface using a deep
reactive ion etching technique involving C4F6 gas in the deposition cycle and O2 and SF6
gases in the etch cycle. The random interspacing of silicon nanopillars enhanced surface hy-
drophobicity and resulted in 86% killing of bacteria.100 Further, in order to improve the
biocidal activity of the nanotextured surface, additional deposition of quaternary polymer
brushes,101 copper and silver nanoparticles102 were used to deposit upon silicon nanopillars.
The silicon nanopillars are functionalized with lysozyme entrapping polymer brushes to
develop a contact-killing surface for bacteria adhering to the surface.103 Nanotextured-
based antifouling surfaces may involve: (1) functionalization of nanopatterned architecture
with antimicrobial agents, (2) preventing adhesion with surface roughness (hydrophobic sur-
faces), (3) biocidal surface by formation of nanopillars (or patterned deposition of nanoob-
jects). Though these strategies present minimal risk of causing resistance or decline in
long-term biocidal behavior, unfortunately, these processes are not scaled for medical devices
so far and limited investigation of bactericidal nature is done in presence of host factors and
in vivo models.

5.6 On-demand release based coatings

Traditional biocidal coatings face certain limitations. First, long-term exposure to biocides
leads to a decrease in killing efficiency due to the lesser release of biocides than their mini-
mum inhibitory concentrations and the emergence of antibiotic resistance. Second, the longer
release of biocides results in toxicity to local mammalian cells and tissues. Antifouling coat-
ings with the bacteria-responsive release, which only releases the biocidal agent in response
to bacteria and remains inert in it’s absence, can overcome the limitations of traditional coat-
ings. Self-defensive coatings triggered by bacterial microenvironment responses are recently
gaining attention among researchers to explore their potential to be used as coatings for pre-
venting device-associated infections. During biofilm formation, there is a change in the micro-
environment of bacterial cells such as concentration of enzymes, pH, and virulence factors.104

These factors that influence biofilm formation can be used as “triggers” or stimuli agents to
switch on the antibacterial nature of bacteria by either releasing loaded antibiotics or expo-
sure to immobilized biocidal groups.

Metal ion coordination polymer is used to develop release systems and responsive drug
loading coatings, which can potentially be used for bone implants. Titania nanotubes
(TNTs) are loaded with AgNPs and antibacterial agents (ibuprofen or vancomycin) and
further sealed with 1, 4-bis(imidazole-1-ylmethyl)benzene i.e., metal coordination polymer.
The formation of intermediate coordination bonds with metal ions in this system is sensitive
to changes in pH. Upon bacteria-induced acidification, the cleavage of the coordination bond
leads to the release of encapsulated antimicrobial agents. In addition to this, the release of
metal ions from the synthesized responsive system resulted in enhanced antimicrobial and
osteoblast proliferation activities.105 In another strategy, a multi-functional coating was devel-
oped to reduce the risk of biofilm colonization (by local release of Tannic acid, oxidant, and
gentamicin sulfate, antibiotic) and improve bone healing despite oxidative stress on Ti-based
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surfaces. The approach involved the combination of chitosan-polycaprolactone nanofibers
along with polyelectrolyte multilayers of tannic acid and gentamicin sulfate.106 Toxin-
triggered release nanostructures are developed in response to specific secreted virulence fac-
tors by pathogenic bacteria. Aminocellulose nanospheres are synthesized sonochemically and
incorporated on silicon surfaces using layer-by-layer (LbL) assembly with help of hyaluronic
acid. The study compares LbL constructs that are made using nanospheres of amino cellulose
and their bulk forms and observe the same antibiofilm effect with fewer multilayers of amino
cellulose nanospheres. The hyaluronic acid gets degraded by pyocyanin secreted by
P. aeruginosa causing the release of amino cellulose nanospheres. The polycationic amino cel-
lulose nanospheres, act upon degradation caused by P. aeruginosa to prevent biofilm forma-
tion on the commercially available Foley Catheter.107

It should be noted that these emerging coatings need more understanding of the synergis-
tic mechanism that they promise, which should be validated in long-term in vivo biofilm
models. It is important that these coatings besides being durable and robust should also pro-
mote antithrombotic and osteogenic properties.

6. Future perspectives: nano-micro-macro: a complex interplay

The application of nanomaterials struggles with associated toxicities in the host system
and the environment. Long-term robustness needs to be validated to understand the impact
of the host-response on the mode of action of nanomaterials. The application of nanomaterials
upon the medical device and it’s characterization in preclinical settings is not well explored in
proportion to the studies, which show promise at preliminary and limited-controlled exper-
imental setups.

Nanomaterials have been widely used to assess, improve and engineer their antibacterial
and antibiofilm abilities. Many interesting findings encourage their exploration as potential
antimicrobial agents to treat and prevent chronic biofilm infections over routine antibiotics.
Researchers from multi-disciplines are widely exploring a solution to the clinical challenge
posed by the biofilm lifestyle of microbes. Nanomaterials-mediated strategies driven by
mechanistic actions happening at “nanoscale” face a considerable challenge for application
in “multicellular” host species to combat notorious biofilm lifestyle of “micro”-bes for
achieving a “macro”-level impact, which is to improve patient outcomes. It is extremely
important to involve multi-disciplinary perspectives of clinicians, microbiologists, chemists,
nanotechnologists, etc. with relevant in vitro and in vivo models taking into close consider-
ation of various host-factors, medical device characteristics, and features of microbial life-
style,108 unlike the contemporary studies, which overlook some critical perspectives and
relevant study designs.
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1. Introduction

Nanotechnology is an extensively developing field of interdisciplinary science that deals
with materials in the size range of 1e100 nm1 called nanomaterials (NMs). It includes nano-
particles (NP), quantum dots (QDs), carbon nanotubes (CNTs), graphene, and their compos-
ites. 2e4 Synthesis of NMs with different morphology, structure, size, and their application for
the welfare of humanity as a whole is the prime objective of the nanoscience and technology.
In the past decade, researchers have paid more attention to nanoparticles owing to their
unique attributes such as size, shape, and large surface to volume ratio among others.5,6

With these unique features, nanomaterials have shown better properties including chemical
stability, thermal conductivity, catalytic reactivity, nonlinear optical performance compared
to their bulk materials.7,8

Besides, NMs could be synthesized with adjustable characteristic properties according to
applications and needs.9 NMs were found to be relevant for a variety of applications in
various fields of science and technology but not limited to optical, biomedical, chemical,
and energy sciences.3,6,10e14 Among the various applications of NMs, their utilization in
the biomedical field is well established and much attention has been paid in all aspects of
their biological applications.15 NMs can be classified as carbon-based, metallic, metal oxides,
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ceramics, semiconductors, polymeric, and lipid-based NMs.16,17Among this classification,
metal and metal oxide nanoparticles (MO NPs) have been shown to have potential applica-
tions in engineering, agriculture, sensors, and medicine.18,19

In particular, metal and metal oxide NPs play a vital role in biomedical applications
including antimicrobial therapy, cancer therapy, and diagnostics of several diseases, as
well as biochemical sensors, bio-assay, tumor-imaging, drug delivery, and pharmaceutical
treatment procedures.20,21 Hence, various novel metal NMs such as gold, silver, zinc, copper,
iron, and their oxide NPs with different shapes and sizes have been synthesized for potential
application in therapeutic and diagnosis.2,6,20,22 Here, we discuss the biological syntheses of
some metal and metal oxide nanoparticles as well as polymeric and liposomal NMs and their
essential insights and limitations in diagnostic and therapeutic potential for antimicrobial,
targeted drug delivery, and immune therapy.

2. Biologically synthesized metal and metal oxide nanoparticles

MO NPs are synthesized by combining oxides of metals from groups 3e12 of the periodic
table.23,24 Generally, MO NPsare prepared via physical methods such as spray pyrolysis,25,26

ultra-sonication27 or chemical vaporization.28,29 Similarly, chemical methods such as sol-gel,30

hydrothermal,31 microwave assisted,32 solvothermal,33 oxidation-reduction, and chemical
precipitation17,34,35 can also be used to synthesis MO NPs.36 NPs synthesized via chemical
methods are relatively toxic and were found to have, consequently, limited biomedical appli-
cations.19,37 Besides, the solvents and other chemicals used for synthesis are hazardous to the
environment that profoundly affects the ecosystem.19,38 In addition, the yield of chemical
and physical methods is low, inhibits particle growth at some point, and generates unstable
NPs.39,40 Interestingly, green syntheses of metal and MO NPs has been recommended as
alternative routes to chemical syntheses and put into practice.39

Green synthesis refers to the eco-friendly synthesis of MO NPs using plants, microorgan-
isms, and or by their constituents such as lipids, enzymes, carbohydrates, and proteins.39,41 In
some cases, nontoxic, renewable materials, and biodegradable waste products have also been
used to synthesis MO NPs.42 The selection of the primary materials for green synthesis is
crucial for adequate stabilization, where natural compounds are desired to act as capping
agents to passivate the surface of MO NPs.6,37,41 Biologically assisted synthesis routes were
found to improve the biocompatibility of the synthesized MO NPs.3,43 Moreover, natural
compounds including proteins can serve as reducing, stabilizing, and capping agents thus
enhancing the physical and chemical properties and biocompatibility of MO NPs enables
for biomedical applications.44,45 MO NPs are synthesized in two steps referred to as nucle-
ation and growth. For the synthesis of NPs, their respective salts (e.g., Ag NPsdAgNO3,
Au NPsdHAuCl4) are added individually to the plant extract or biomass of microbes such
as bacteria, fungi, algae, plants (Fig. 27.1).37,41,46e48

27. Nano-biomaterials for therapeutic and diagnostic applications618

IV. Biomedical applications of nanomaterials



2.1 Microbial biosynthesis

Microbial synthesis of metal NPs may be intracellular or extracellular. In the case of extra-
cellular synthesis, the selected metal salts are reduced under the enzymatic action of extracel-
lular enzymes produced by the microbes. In the case of intracellular synthesis, the metallic
ions are transported inside the cell, engulfed and reduced to NP and finally excreted out
or stored inside the cells.20,48,49 The properties of the resulting NPs depend highly on the mi-
crobial species used during their synthesis.

2.1.1 Bacteria and actinomycetes

Due to their fast growth rate, simple handling and genetically modifiable feature for the
bio-mineralization of metals through genetic engineering, bacteria are highly preferable
over other methods for the synthesis of metal NPs.49,50 Bacteria can cope with stress condi-
tions by developing intracellular sequestration of metals, efflux pumps, change in metal
ion concentration, and extracellular precipitation.51 In 1980, Beveridge and Murray reported

FIGURE 27.1 Metal nanoparticle (NP) biological syntheses and their applications in biomedical and environ-
mental fields. Ag NPs have a wide spectrum of antimicrobial activities and are mostly used as biomedicine, whereas
Zn and Ti NPs as cosmetics. Similarly, Ag, Zn, and other metal NPs possess antimicrobial property and are utilized in
food packaging, wound dressings, catheters for drug delivery, and other products. In parallel, biological NPs are
used as biosensors to detect various biomolecules in environment and agriculture fields. NPs are also used in targeted
drug delivery, gene transport, and labelling plant and animals cells for diagnosis. Studies on the development of
various NPs for photothermal therapy, magnetically active drug delivery, and photoimaging are ongoing.
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the first extracellular bacterial synthesis of NPs by Bacillus subtilis that deposited gold NPs on
their cell wall. Since then, several studies have reported the ability of bacteria to synthesize
NPs as briefly discussed by.49 Srivastava and Constanti52 showed intracellular synthesis of
Pd, Ag, Rh, Ni, Fe, Co, Pt, and Li NPs by Pseudomonas aeruginosa, without addition of any
external substance for the formation of NPs.Bacterial strains including Escherichia coli, B. sub-
tilis, Bacillus megaterium, P. aeruginosa, Klebsiella pneumoniae, Bacillus cereus, Alteromonas, and
Ochrobactrum have been widely used and reported for the synthesis of NPs.49,51,53 Active bio-
films of Shewanella loihica PV-4 were found to be able to synthesize ultrasmall (from two up
to7 nm) palladium and platinum NPs.54 Bacillus brevis was found to synthesis spherical silver
NPs within the diameter size range of 41e62 nm.55 Recently, marine bacteria were also re-
ported for the synthesis of metal NPs such as silver and gold using Stenotrophomonas56 and
copper NPs using Kocuriaflava.57

Actinomycetes are the repository of novel secondary metabolites and extracellular en-
zymes.58 Actinomycetes were also evaluated to obtain NPs by extracellular or intracellular
synthesis. Successful synthesis of AgNPs was reported by Otari et al.59 using Rhodococcus
NCIM, which paved the way for the synthesis of NPs using actinomycetes. Since then, several
groups of researchers have been focusing on the use of acinomycetes for NPs synthesis.
AgNPs were synthesized by Streptomyces sp. LK-3,60 Streptacidiphilus durhamensis,61 whereas
Streptomyces griseoruber and Streptomyces capillispiralis Ca-1 were used, respectively, for the
synthesis of copper and gold NPs.62,63 Rajivgandhi et al.64 reported the synthesis of zinc oxide
nanosheets using Nocardiopsis sp. GRG1.

2.1.2 Fungi and yeast

Recently, fungal- and yeast-mediated synthesis of metal NPs have been reported as prom-
ising approaches for synthesizing NPs since they tolerate, accumulate metals, and their mass
cultivation is possible at low cost. Similar to bacterial biosynthesis of metal NPs, fungal medi-
ated synthesis can be either intracellular or extracellular.65 In addition, size and shape of NPs
depend on whether biomass or cell free extract is used for the synthesis.66 Several reports are
available for the synthesis of AgNPs using fungal strains such as Fusarium oxysporum, Schiz-
ophyllum radiatum, Penicillium diversum, and Trichoderma harzianum.67e70 Similarly, yeast
strains such as Yarrowia lipolytica NCYC789, Candida utilis NCIM 3469, Saccharomyces cerevi-
siae, were also used for AgNPs synthesis.71e73 Next to AgNPs, AuNPs were prominently syn-
thesized using fungal (e.g., Rhizopusoryzae, Aspergillus niger, Fusarium oxysporum)74e76 and
yeast strains (Candida utilis, Yarrowia lipolytica NCIM3589)77e79,80 used Aspergillus flavus to
synthesis TiO2 NPs. Aspergillus fumigatus were used for the extracellular synthesis of ZnO
NPs.81 Detailed information on the synthesis of metal and MONPs and the factors affecting
the synthesis using fungal and yeast strains and their applications were described by Borou-
mand Moghaddam et al.65,82 Gajendran et al.83, Chhipa, H.84 and Parkash et al.85

2.2 Protein or enzyme-based biosynthesis

Microbial enzyme-based NPs synthesis has also been investigated. This method delivers
NPs with various size and shape, and usage of different enzyme resulted in different NPs
and reaction rate. Besides, during microbial-based synthesis, NPs are bound with the micro-
bial biomass, which requires laborious separation and high cost purification steps.86,87 The
positively charged metal ions (e.g., Agþ) are able to adsorb onto the negatively charged
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surface of the protein through electrostatic interaction. Electron transfer between the metal
ion and the protein proceeds and induces the formation of metal NPs.87,88 In the same
way, peptides were also used as reducing and capping agent for the synthesis of metal
NPs87,89,90 and in some cases peptides served as template for the crystal growth of metal
NPs.91

2.3 Algal-based biosynthesis

According to Fawcett et al.,92 algae could hyperaccumulate heavy metals and modify them
into simple forms and represent a potential source of bioactive compounds such as antioxi-
dants and pigments including carotenoids, chlorophylls, and phycobilins. The presence of
carbohydrates, proteins, minerals, oil, fats, and polyunsaturated fatty acids93 makes them a
vital source for the synthesis of NPs. These active compounds both act as reducing and sta-
bilizing agents. The synthesis of NPs may be done by using actively growing cells or dead
cells as well as residual biomass or cell free extracts.94,95 Chlorella vulgaris has shown good
ability to synthesis Ag and AuNPs using growing and dead cells, respectively.96,97 Several
mechanisms of synthesis have been proposed but the exact mechanism is still elusive. Dahou-
mane et al.80 proposed NADH-mediated synthesis of NPs, where electrons from NADH can
reduce metal ions. The presence of monosaccharides and polysaccharides, that are present in
algae, possess functional groups such as aldehyde, ketone, and hydroxyl groups that act as
reducing agents.98,99 Pigments, such as chlorophyll, fucoxanthin, and riboflavin, act as reac-
tive molecules and trap light; electrons from H2O that are produced during photosynthesis
act as electron donor that can reduce metals.100,101

Polysaccharides were extracted from the marine algal biomass and used for the synthesis
of metal NPs. Several marine algae including Pterocladia capillacea, Jania rubens, Ulva faciata,
and Colpomenia sinuosa were used for the synthesis of NPs.102 Extracts of Sargassum ilicifolium
were used for the synthesis of AgNPs.103 The synthesis of NPs based on algae was reviewed
briefly by Khanna et al.102 and Bao and Lan.94 Arsiya et al.,104 used crude extract of Chlorella
vulgaris and Sayadi et al.105 used Spirulina platensis to synthesis Pd NPs. MO NPs such as iron
oxide, copper oxide and zinc oxide have been extensively synthesized by using macroalgae.
Zinc oxide (ZnO) nanoflowers and cadmium sulfide NPs were prepared from cell free ex-
tracts of Chlamydomonas reinhardtii by Rao and Gautam106 and Rao, and Pennathur107 ZnO
NPs were synthesized using S. muticum.30,108 Momeni and Nabipour109 used S. bovinum for
the synthesis of octahedral palladium NPs having diameter size between 5 and 10 nm.

2.4 Plant-based biosynthesis

As reported by Mittal et al.,110 plant-based syntheses of NPs are typically carried out at
room temperature and can be accomplished within minutes or can last for a few hours.
The compounds present in the extract first reduce the metal salt, which leads to the synthesis
of NPs. In addition, these compounds adsorbed onto the surface of the NPs and ensured their
stability.111e114 By following color changes of the reaction media, the successful formation of
the respective NPs could be confirmed. Theoretical simulations (e.g., density functional the-
ory (DFT) and molecular dynamics (MD) simulations) have predicted the special binding of a
particular phytochemical on metal oxide facets and as a result, the morphology of MONPs
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was predicted.4 Due to the numerous phytochemicals present in plant-extracts, it is difficult
to find the exact mechanism of formation using phytochemicals.115,116

Several preparation methods can be adopted for the synthesis of single, multimetal NPs
and MONPs. Leaf extracts of Polyalthia longifolia, Catharanthus roseus, Azadirachta indica,
Aloe vera, and Nerium oleander were used for the synthesis of AgNPs.112,117e120 Huang
et al.121 reported the synthesis of Ag and AuNPs using leaf extracts of Cinnamomum camphora.
Elia et al.122 used extracts of Salvia officinalis, Lippia citriodora, Pelargonium graveolens, and Pun-
ica granatum for the synthesis of AuNPs. Similarly, leaf extracts of Evolvulus alsinoides, bark
extracts of Eucommia ulmoides and root extracts of Salvadora persicawere used for synthesizing
PdNPs as reported by Gurunathan et al.77, Duan et al.123 and Khan et al.124, respectively.
Recently, detailed plant mediated synthesis of nanomaterials was published else-
where.115,125,126 CuO NPs were synthesized by using gum obtained from Sterculia tree.127

Ellagic acid extracted from Korean rambutan peel was used for the synthesis of chain-like
ZnO.14 Flower extracts of Cassia auriculate128 and Vitex negundo129 were used for the synthesis
of ZnO NPs. Several NMs such as iron, iron oxide, copper, copper oxide, gold, silver, zinc,
and zinc oxide were synthesized widely for numerous applications discussed briefly
elsewhere.12,16,130e135 Sometimes, the synthesized NPs are impure, and purification is neces-
sary by either filtration or dialysis. In a study, metal NPs were converted to MONPs after pu-
rification by decomposing the NPs (prepared from the sources as described in Sections
2.1e2.4) at relatively high temperature.136

Biosynthesis of NPs depends on the solvent used for extraction, reaction temperature,
pressure, mixing ratio of the reactants, and pH of the reaction medium. The presence of
several chemical moieties in the molecular structure of phytochemicals such as ketones, alde-
hydes, flavones, amides, terpenoids, carboxylic acids, phenols, and ascorbic acids makes
plants excellent choices to synthesis NPs.137 With respect to microbial synthesis, the selected
microbes have to be maintained in the culture media, which is costly and more laborious
compared to plant-based synthesis. Also, it is possible to synthesis NPs of small sizes (be-
tween 1 and 100 nm)138 by using plants and sometimes NPs having larger sizes
(100e500 nm) were also obtained.120,139,140 In addition, chemical substances derived from
plants are easily available, which promotes rapid synthesis. Finally, the use of plant extracts
results in more stable NPs and is suitable for environmentally friendly large-scale
synthesis.141

3. Polymeric and liposomal nanocarriers

Most of the drugs showing in vitro potency are poorly soluble or insoluble in water, which
restricts their usage in clinical applications.142 These drugs can be conjugated onto surfaces or
encapsulated inside the carrier’s system to improve their solubility, bioavailability, and bio-
distribution.143 The development of nanotechnology offers a wide range of applications in
medicine not limited to several diseases including cancer. In this context, NPs have been
used as carriers for therapeutic substances such as small drugs, genes, protein-peptides,
and imaging contrast agent in diagnosis.144 Controlled release of these substances is achieved
by adequate formulation of the matrix or external stimuli such as pH and/or temperature.145

Nano-carriers ensure high bioavailability of the drug by evading reticulo endothelial sys-
tem. Their small size guarantees high therapeutic efficacy by means of site targeted
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delivery.124,146,147 Properties including circulating durability and stability, targeting capacity,
response to stimuli, and diagnostic ability can be improved by surface modification or conju-
gation with antibodies.148 For instance, the bioavailability and site specificity of NPs
improved while NPs maintained their ability to deliver specific antibody aptamer with
improved cancer activity.147 Nanocarriers are broadly classified as polymer-based or lipid-
based systems according to the material used for their preparation. Generally, polymeric
nanoparticles, polymeric micelles, dendrimers (polymers), liposomes, solid lipid nanopar-
ticles (lipids), and metal (gold, silver) NPs have shown ability for use as nanocarriers.147

3.1 Polymeric nanocarriers

Polymer-based NPs can be made of biodegradable polymers and have been widely evalu-
ated as carriers of drugs, proteins, and DNA to target cells and tissues. These are highly pref-
erable owing to their structural and long-term storage stability, long half-life in blood stream,
and high controllable release capability.149 The use of polymeric nanoparticles (PNPs) as drug
carriers has been studied since 1980s. Since then, several PNPs have been developed and
mostly used for delivering low molecular weight drugs, proteins, plasmid, and antisense
DNA as well as short interfering RNA.150,151 The preparation of PNPs and their application
has been reviewed in detail by Sawdon et al.152, Kreuter153 and Amoabediny et al.154

PNPs can be prepared using biodegradable, amphiphilic, biocompatible copolymers
approved by the Food and Drug Administration. The polymers may be natural (e.g., chito-
san, gelatin, sodium alginate and albumin155 or synthetic (e.g., polylactides (PLA), polygly-
colides poly(vinyl alcohol), poly(acrylic acid), polyacrylamide, and polyethylene glycol
(PEG)).155e157 For improving their stability and ability to control the release of drugs,
PNPs can be mixed with ligands and antigens.157 For instance, PEG can be conjugated
with polymers for enhancing its immune-compatibility, bioavailability.158 PNPs can be syn-
thesized using the preformed polymer or synthesized directly during the process of polymer-
ization. Direct polymerization is achieved by microemulsion, mini-emulsion, surfactant free
emulsion, and interfacial polymerization. PNPs can be prepared with preformed polymer
and dispersed with drugs to avoid toxic, unreactive residues, and unreacted monomers dur-
ing the polymerization.159 Solvent evaporation, nanoprecipitation, emulsification/solvent
diffusion (ESD), high-pressure homogenization, salting out, dialysis, and spray drying are
some of the methods used for the synthesis of PNPs from preformed polymers. Detailed
preparation of PNPs and their functionalities can be found elsewhere.147,156,160,161

3.2 Liposomal nanocarriers

Liposomes are biocompatible vesicles, hydrophobic and hydrophilic in nature, usually
spherical (�30 nm to micrometers) in shape and typically prepared from cholesterol and nat-
ural phospholipids used carriers of drugs.162 Lipid-based colloidal carriers are nontoxic and
used as an alternative to toxic polymeric systems. They are made of one or more lipid bila-
yers, in which the polar groups are arranged inside or outside of the adjacent aqueous phase.
They can be used to encapsulate both hydrophilic and hydrophobic drugs.163 Lipid compo-
sition, surface charge size, and the method of preparation determine the characteristic

3. Polymeric and liposomal nanocarriers 623

IV. Biomedical applications of nanomaterials



features of liposomes. Moreover, the rigidity and charge of the bilayer depends on the com-
ponents forming the bilayer. For example, unsaturated phosphatidylcholine from egg or soy-
bean phosphatidylcholine (natural origin) is highly permeable and less stable compared with
saturated phospholipids with long acyl chains that are rigid and impermeable in nature.162,164

Liposomes are smaller (0.025 mm) to larger (2.5 mm) with one or more bilayers. The size af-
fects the circulation half-life of liposome and the amount of drugs encapsulated inside the
liposome affected by the size and number of layers. Liposomes are categorized based on their
size and number of bilayers as unilamellar (one bilayer) and multilamellar vesicles (more
than one bilayer).165,166 The preparation of liposomes is typically done in following stages:
(1) drying down lipids from organic solvent, (2) dispersing the lipid in aqueous media, (3)
purifying the resultant liposome, and (4) analyzing the final product.165,167 Recently,165

have extensively reviewed the preparation methods of liposomes. Composite liposomes
and their drug delivery were published elsewhere168 for more detailed information about li-
posomes and their types. Drugs can be loaded into liposomes either passively or actively. In
passive loading, the drug is encapsulated along with liposome formation, whereas in active
loading, drugs are loaded after liposome formation. The loading efficiency of hydrophobic
drugs depends on the solubility of the drug in the liposome membrane. Water-soluble drugs
can be effectively loaded by changing pH.168,169

More recently, niosomes made of nonionic or amphiphilic surfactants were developed.
These are more stable than liposomes and have shown to possess increased transdermal
drug delivery ability and were successful used as targeted drug delivery system. Niosomes
can be made with or without cholesterol or other lipids.170 Both liposomes and niosomes pro-
vide similar benefits. Niosomes, however, are cheaper and highly stable compared to lipo-
somes.170 By combining niosome and liposome, biocompatible liponiosome (<150 nm) was
developed having the advantages of both carriers. These were found to possess the ability
to deliver high amount of both hydrophilic and/or hydrophobic drugs.171

4. Metal and metal oxide nanoparticles for antimicrobial therapy

Antibiotics are widely used to combat microbial infections and are considered as one of the
major inventions in pharmaceuticals. Recently, however, multidrug resistance (MDR) among
the pathogens is considered as common phenomenon and most pathogens have been devel-
oping resistance against almost all the available antibiotics. The prevalence of drug resistance
threatens the life of humans and become one of the major health or economic issues of the
globe in the 21st century.172 The unique nature of nanomaterials could be potentially utilized
to limit and manage the global crisis of emerging microbial pathogens and could contribute
to the development of efficient therapeutic solutions. Hence, researches have been focusing
on nanomaterials to treat these MDR pathogens and more particularly metal or MO NPs. Re-
searchers involved in the evaluation of nanoparticle as antibiotic have reported that the engi-
neered NPs could efficiently combat MDR strains.173,174 These NPs are highly stable, durable,
and some of them possess low toxicity to mammalian cell lines.175 By targeting multiple bio-
logical molecules including protein and DNA, metal, and MO NPs can act as antimicrobial
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agent against MDR pathogens. According to Baptista et al.,176 and Naveed et al.,177 MDR
pathogens inactivate antibiotics by enzyme, decrease cell permeability, modify target sites/
enzymes, and increase efflux via overexpression of efflux pumps for the development of
resistance. NPs have the ability to overcome these mechanisms and eliminate the bacterial in-
fections and also inhibit the evolution of resistance.178 Furthermore, they can improve the ac-
tivity of several antibiotics by having synergism. For instance, the functionalization of
fluoroquinolone with Au NPs was found to improve their efficiency against MDR Escherichia
coli infections.174

Several mechanisms of action have been proposed including biofilm inhibition, activation
of host immune system, ROS generation, lipid peroxidation, cell wall/cell membrane dam-
age, inhibition of enzymes, RNA, protein synthesis and proteolysis.179e181 Also, antituber-
cular drugs encapsulated by PLG NPs have completely cleared infectious bacteria from the
organs of mice. Moreover, the expressions of spaP, gbpB, gtfB, gtfC, ldh, comD, comE, and
luxS of S. mutans were remarkably downregulated when treated with Ag/ZnO.182 Similarly,
chitosan and chitosan/ZnO nanocomposites have altered the gene expression of quorum-
sensing-dependent-virulence factors by repressing LasI and RhlI gene of multidrug resistant
P. aeruginosa.183 The chemical moieties present onto bacterial cell wall such as carboxyl,
amide, phosphate, and hydroxyl groups act as anchoring sites where the oxide NPs interact,
generating ROS and, as a result, induce bacterial death.180,184 The antibacterial activity is
highly depending on the size of the NPs where the activity increases upon decreasing NPs
size due to the increasing specific surface area. The importance of shape in the antimicrobial
activity, however, cannot be predicted, although limited reports are available. In addition, the
mechanism of action is dependent of surface chemistry of NPs.185 The combined effect of size,
shape, z-potential, ligands, and material on the mechanism of action of NPs against bacteria is
still elusive.180,186 Singh et al.37 have reviewed in detail the antimicrobial activity of biologi-
cally synthesized metal NPs (Fig. 27.2).

The biological synthesis of these important NPs derived from different natural and renew-
able resources is discussed in the previous Sections 2.1e2.4. Silver, gold, zinc, copper, silver
oxide (Ag2O), copper oxide (CuO), iron oxide (Fe2O3), magnesium oxide (MgO), titanium ox-
ide (Ti2O), and ZnO are some of the extensively studied metal and MO NPs for their antimi-
crobial activity.37,185 Among these metals and MO NPs, silver or its ionic forms have shown
the greatest effect on bacteria killing187 with multiple modes of actions; hence, it was exten-
sively studied and used to treat MDR pathogens.188 Silver NPs have been used as nanocar-
riers as well as for the administration of drugs and antibiotics along with silver, showing
enhanced effect against MDR pathogens.189,190 AgNPs possess antibacterial activity against
pathogens such as Methicillin resistant Staphylococcus aureus (MRSA), Erythromycin resistant
Streptococcus pyogens, Ampicillin resistant Escherichia coli, Vancomycin resistant Staphylococcus
aureus.191

Ag NPs are highly reactive and show high affinity with sulfur group of proteins, enzymes
that collapse bacterial cell structure, increase cell permeability and inactivate enzymes. It also
binds with DNA and denatures DNA, thereby interrupting replication that leads to cell
death.192e194 Ag NPs have been used as antibacterial, antiviral, and antimycotic agents195

and coated onto the blades, needles and also on venal, urinary, and drainage catheters.54Ag
NPs synthesized using fungal strains such as Fusarium oxysporum, Macrophomina phaseolina
and bacterial strains such as Xanthomonas spp, Sinomonas mesophila MPKL 26 showed activity
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against MRSA and beta-lactamase producing strains, ampicillin, and chloramphenicol resis-
tant E. coli, P. aeruginosa, and S. aureus, respectively.196e199 Cubic, triangular, spherical, and
fiber-like shaped AgNPs synthesized by using leaf extract of Solanum nigrum and other plant
species showed antibacterial activity against six MDR bacterial strains and antibiofilm activ-
ity against P. aeruginosa and S. epidermidis.200e202 According to Das et al.39 and Dash et al.200;
AgNPs synthesized using leaf extract of Ocimum gratissimum, Cinnamomum tamala generated
intercellular ROS that effectively kills MDR E. coli and S. aureus cells. Alavi et al.203 showed
that Ag NPs synthesized using Protoparmeliopsis muralis was highly effective against plank-
tonic and biofilms of S. aureus ATCC 43,300 (MDR), E. coli ATCC 25,922 and P. aeruginosa
ATCC 27,853 than Cu, TiO2, ZnO, and Fe3O4 MO NPs.

Similar to Ag NPs, Au NPs have also been widely used as antibacterial agent against clin-
ical pathogens due to their high biocompatibility. Au NPs can be used alone or incorporated
with biomolecules such as collagen, chitosan, or with antibiotics or antibodies.37,204 For
instance, the incorporation of ampicillin was found to increase the antibacterial effect of
AuNPs against ampicillin bacteria.205 Au NPs enters the cell, destabilize ATP synthase as
well as cell membrane potential that results in cell death. Furthermore, the multivalence of
ligand functionality of AuNPs efficiently makes them interact with cell surface of the bacte-
ria.206 AuNPs synthesized using the methanolic leaf extract of Clitoria ternatea showed strong
activity against MDR gram-positive (S. aureus, S. epidermidis) and gram-negative bacteria

FIGURE 27.2 Plausible mechanism of actions of nanoparticles (NPs) in bacterial cells. The synchronized action of
various mechanisms of nanoparticles that exert antibacterial activity may have a significant influence in combatting
MDR bacteria.
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(E. coli, P. aeruginosa) and showed QS-based antibiofilm activity.207 Nontoxic and biocompat-
ible AuNPs prepared from aqueous peel extract of Musa paradisiaca showed antibiofilm activ-
ity against antibiotic resistant (MARS) gram-positive Enterococcus faecalis.208 Boda et al.209

utilized Au nanoclusters against planktonic and biofilm forming MDR pathogenic Staphylo-
cocci. Au NPs possess synergism when loaded along with antibiotics. For instance,
lysozyme-capped Au NCs (Lys-Au NCs) with b-lactam antibiotic ampicillin (Lys-Au NCs-
Amp) revert the MRSA resistance and also kills the nonresistant bacterial strains.210 Gandhi
and Khan211 developed bacitracin-templated Au nanoclusters to combat MDR pathogens.
Mohamed212 synthesized ampicillin-loaded AuNPs that showed potential activity against
ampicillin-resistant bacterial strains including MRSA, P. aeruginosa, Enterobacter aerogenes
by reducing the level of beta-lactamase and inhibiting transmembrane pump that catalyzes
drug efflux.

Zinc and zinc oxide NPs (ZnO NPs) have been used as antibacterial and antifungal agents.
Several studies demonstrated their good biocompatibility and low toxicity.37,213 The bacterial
surface possesses proteins, and the cell walls are composed of polysaccharides and tiechoic
acid, which helps bacteria to thrive in host defense and harsh environmental conditions.
These are charged molecules and surface modified ZnO NPs specifically elicit damage on
the cell wall of the bacteria.214 ZnONPs showed antibacterial activity against E. coli, Listeria
monocytogenes, Salmonella, and S. aureus.213,215 ZnO NPs are highly conductive and hence ab-
sorbs more UV light, which causes desorption of oxygen from its surfaces that enhances the
interaction of ZnO with bacteria. The level of ROS was found to be higher when ZnO NPs
were illuminated with UV light and showed efficient antibacterial activity.216,217 UV light illu-
minated ZnO NPs were found to show increased oxidative stress against cells by producing
superoxide, hydroxyl, and singlet oxygen radicals. Extracellularly synthesized ZnONPs by
using the supernatant of Escherichia hermannii showed antibacterial activity against urinary
tract infective MDR pathogenic strains of E. coli and K. pneumoniae. The authors showed
that the ZnONPs interacted with the cell wall of the bacteria and destabilized it by ROS pro-
duction, leading to cell death.218 Similarly, Maruthupandy et al.203 synthesized ZnO NPs us-
ing Camellia japonica leaf extract, which showed inhibitory effect against extended spectrum b
lactamases (ESBLs) producing clinical strains of E. coli and P. mirabilis with minimal inhibi-
tory concentration (MIC) percentages of 83% and 81% at 100 mg/mL, respectively. Likewise,
ZnO NPs synthesized using root extract of Raphanussativus showed higher antimicrobial ac-
tivity against Escherichia fergusonii (MDR) and Escherichia coli strains than chemically synthe-
sized ZnO NPs.154 Most of the virulence genes are down regulated in the presence of ZnO
NPs, which confirms the effective treatment of ZnO NPs.118

Likewise, iron oxide (FeO) NPs showed activity against human pathogens such as
S. aureus, S. enterica, P. mirabilis, E. coli, P. aeruginosa, Pasteurella multocida, P. aeruginosa and
S. typhi and plant pathogen Ralstoniasolanacearum synthesized using plants G. jasminoides,
L. inermis, Skimmia laureola, andM. oleifera.219e221 Fe-based NPs were also used as coating ma-
terials for medical devices and textiles against bacterial and fungal infections. Furthermore,
they possess similar advantages compared to other metal NPs and in addition they can be
recovered from the environment using magnets owing to their magnetic properties.222,223

In the same way, Muthukumar et al.224 synthesized FeO NPs using Azadirachta indica leaf
extract and tested their antibacterial and antibiofilm activity against P. aeruginosa, S. aureus,
K. pneumoniae L. sphaericus, and B. safensis. The study showed that these FeO NPs were
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more active against gram-positive than gram-negative bacteria due to the presence of thick
peptidoglycan layer onto the surface of gram-positive bacteria. FeO NPs were also found
to inhibit more efficiently the biofilm formation of gram-negative bacteria than gram-
positive bacteria since the NPs could efficiently diffuse when the hydrophilic bacterial surface
turned into hydrophobic surface that attracts the NPs.225 Very recently, FeONPs synthesized
using R. tuberosa leaf extract were coated onto cotton fabric and were found to be active
against K. pneumoniae, E. coli and S. aureus bacterial strains. They suggested that the synthe-
sized FeO NPs could be used as coating materials onto the readymade fabrics, uniforms, and
laboratory coats used in hospitals.226 The positively charged FeO NPs tend to attach onto the
surface of the negatively charged cell wall of the bacteria, resulting in increased attachment of
NPs and destabilization of cell wall inducing bacterial death.227

Copper-based NPs are semiconductors that have a narrow band gap; Cu and copper oxide
(CuO) NPs have been shown to have antimicrobial activity toward wide ranges of bacterial
and fungal pathogens via ROS mediated mechanism.228 Rajivgandhi et al.229 successfully
used CuO NPs synthesized using leaf extract of Camilla japonica against ESBL producing uri-
nary tract infecting pathogens such as P. aeruginosa and K. pneumoniae. CuO NPs act on the
bacterial cells and alters the intracellular signaling pathways that controls the oxidative stress,
leading to cell lysis.230 Ashajyothi et al.231 synthesized Cu and ZnONPs extracellularly using
Enterococcus faecalis and tested antibiotic activity against clinical pathogens E. coli, K. Pneu-
monia, methicillin-resistant S. aureus (MRSA)and non-clinical strainsP. aeruginosa MTCC 741,
S. flexneri MTCC 1457, and E. faecalis NCIM 5025. They found that both NPs were active
against both gram-positive and gram-negative pathogens and also inhibited the biofilm for-
mation of all pathogens except P. aeruginosa. They concluded that Cu NPs are more effective
than ZnO NPs. Studies from several researchers suggested that Cu NPs were highly active
against MDRP. aeruginosa and MRSA pathogenic strains, similarly to the activity of
AgNPs.232,233 According to Meghana et al.234; CuO NPs always generate ROS that specifically
affects the chromosomal DNA rather than other molecules that highlighted the particle spe-
cific activity of CuO.

Titanium dioxide (TiO2) NPs are chemically stable, nontoxic, and possess wide applica-
tions. They are more particularly used in the formulation of cosmetics owing to their UV ra-
diation absorption ability.235 TiO2 NPshave shown to have antibacterial activity against most
bacteria.63 Similar to previously discussed metals and MO NPs,TiO2NPs also generate ROS
and kill bacteria by adhering onto the surface of the bacterial cell wall and produce ROS
that act on phospholipids present on the cell wall of the bacteria by lipid peroxidation.236

This destabilizes cell membrane and causes damage to the cellular components, particularly
on DNA and is followed by cell death.237e239 Very few reports are available on the prepara-
tion of TiO2 NPs using biological materials for antimicrobial applications. TiO2 NPs prepared
from Psidium guajava, Prunus yedoensis showed bactericidal property against E. coli and S.
aureus.240,241 TiO2 NPs synthesized using Aloe barbadensis mill were active against P. aerugi-
nosa PAO1.242 Likewise, Subhapriya et al.243 synthesized TiO2 NPs using T. foenum-graecum
leaf and showed effective activity against Y. enterocolitica, P. vulgaris, E. faecalis, P. aeruginosa,
S. faecalis, S. aureus, B. subtilis, E. coli and fungus C. albicans. TiO2 NPs also synthesized using
Streptomyces sp. HC1 showed antimicrobial activity toward several pathogens such as E. coli,
S. aureus, C. albicans, and A. niger and antibiofilm activity against P. aeruginosa.244
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Other than these metals, several metals NPs such as aluminum, palladium (Pd), selenium
(Se), and cerium were also evaluated as antimicrobial agents. PdNPs245 and cerium NPs246

synthesized using peel extract of M. oleifera showed antibacterial activity against E. coli and
S. aureus. Pd NPs synthesized using F. decipiens leaf extract and C. guianensis fruit extract
were effective against several human pathogens and the effect was found to be oxidative
stress mediated.247,248 Se NPs synthesized using bacterial sources such as B. licheniformis
JS2,249 S. maltophilia, B. mycoide,250 S. aureus, P. aeruginosa, and E. coli251 showed potential ac-
tivity against bacteria and fungus, and on their biofilm formation. Even if antibacterial effects
have been proven in preclinical studies, evaluation of therapeutic efficacy in clinical trials and
the safety of NP systems is essential.186 The economic impact of clinical translation of NPs
must be addressed with regard to their therapeutic efficacy.186,252

5. Targeted drug delivery and disease diagnosis

Recent researchers have been mainly focusing on developing compounds from natural re-
sources to find novel drugs for treating major diseases such as cancer, diabetes, heart dis-
eases, inflammatory, and microbial diseases due to their least toxicity, side effects, cost,
and higher efficiency.253 These active materials often delivered with larger delivery systems,
which have several limitations such as low biocompatible, toxic, poorly soluble, unstable,
poor bioavailable, targeted delivery issue, and tone effect, and side effects of medicines. To
overcome these pitfalls, NPs have been developed as delivery systems and offer time-
controlled or targeted-delivery of drugs.137 NPs increase the bioavailability and stability of
the drug as well as the delivery drugs at specific sites and consequently increases the effi-
ciency of delivery systems.129 Furthermore, NPs are smaller in size and it could deliver
various genes, vaccines, proteins, hydrophobic and hydrophilic drugs to the different part
of the body including brain, arterial walls, lymphatic system, liver, spleen, lungs.254,255 The
rate of degradation and drug release could be easily adjusted by using polymers.256 Poly-
meric and liposomal NPs-based delivery systems are briefly discussed in Section 3.

Liposomes were the first developed and approved nano-carrier based on lipids that can
deliver inorganic NPs such as gold and iron NPs, which increases their used for drug deliv-
ery, imaging and other treatments.129,205,257 Also, the addition of NPs could increase the
bioavailability and control the release of drugs. For site specific drug delivery applications,
metal as well as organic, inorganic, and polymeric nanomaterials were used particularly
for delivering poorly soluble and least absorption drugs.258,259 These systems were designed
to deliver the drugs at specific place or for controlled release of the drug at specific sites and
to overcome the opsonization/sequestration of phagocytosis.260 Nanostructures convey
drugs either by self-delivery or passive delivery. In self-delivery, the drugs are directly linked
with the carrier to facilitate the delivery whereas in passive delivery the drugs are loaded
hydrophobically in the inner cavity of the nanostructure. These were found to encounter
the specific site and release the planned amount of drug since lower amount of drug was
encapsulated in hydrophobic environment.162 It is possible to deliver drugs using NPs and
the loading of drugs into the NPs are classified as active or passive targeting. In active target-
ing, the drugs are loaded with the delivery system that carry site-specific antibodies or
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peptides, which could bind onto the receptors of the particular site. The drugs delivery sys-
tem circulates in the blood stream and delivers the drug in a particular site due to changes in
pH, temperature, molecular site or/and shape.41,261 Mostly, these drug delivery systems are
used for treating cancer.

Drug, gene and protein delivery of Au NPs have been reviewed by researchers.41,262,263

Similar to liposomes, Au NPs can deliver several recombinant proteins, DNA, vaccines,
and antibiotics. AuNPs have been used for treatment of cancer therapy and successfully
crossed the blood brain barrier when loaded with human serum albumin. In addition, this
was achieved due to the lower surface charge, albumin layer, and the capacity to absorb
huge amount of creatine.264 Antibiotics are typically loaded onto AuNPs via ionic or covalent
bond, and the ampicillin functionalized AuNPs were found to be able to revert the drug resis-
tance of the MDR pathogens.265 Also, functionalization of Au NPs with ampicillin, strepto-
mycin, and kanamycin demonstrated efficient antibacterial activity.244,266 AuNPs provide
uniform size, similar surface properties, and increased biocompatibility when encapsulated
in alginic acid-poly[2-(diethylamino)ethyl methacrylate] monodisperse hybrid nanospheres.
Human colorectal LoVo cancer cells uptake more these negatively charged nanospheres
and hence were used as optical sensor for tumor imaging along with inhibition.267

Conjugating AuNPs with 2,5-diphenyltetrazole and methacrylic acid, shifted AuNPs plas-
mon resonance to near infrared (NIR), which increases the photothermal efficiency of breast
cancer treatment.268 Recently, 58 showed the delivery of small molecules for targeting lym-
phocytes and Dhanya et al.269 observed better transfection efficiency when arginine conju-
gated AuNPs were caped with starch and polyethyleneimine. Munsell et al.270 developed
efficient histone-inspired scaffolds using AuNPs adorned with histone motifs for delivering
genes and chromatin analysis. In another study, noncovalently conjugated AuNPs-siRNA
covered with a lipid layer efficiently delivered siRNA into cell, followed by specific gene
silencing.271 In MCF-7 cells, lipid-coated AuNPs showed nearly 85% of gene transfection ef-
ficiency facilitated by folic acid (FA) based ligands.272 Iron oxide NPs have been extensively
used as cancer therapeutic agent with high degree of specificity. It is possible to control the
particle through external magnetic field that improves the release of dexamethasone acetate
in vivo.43 A study by Jain et al.273 clearly demonstrated the biosafety of these magnetic NPs
while testing them intravenously. These were found mostly in the liver and spleen rather
than in other organs. Similarly, long-term exposure of magnetic NPs did not exert oxidative
stress in the cell or change liver enzyme levels suggesting good biocompatibility. Paclitaxel-
loaded chitosan oligosaccharide (PTX-COS) stabilized AuNPs could deliver and release drug
by pH dependent manner. The synthesized PTX-COS AuNPs showed strong cytotoxicity
against MDA-MB-231 cells by means apoptosis. The increased ROS generation and altered
mitochondrial membrane potential (MMP) level caused cell death (Fig. 27.3).274

Nanoscaled diagnostics offer new alternatives for portable and sensitive health monitoring
that can guide the use of nanoscale immunotherapies. As metal-based nanoparticles (gold,
silver and silica) and polymer-based nanoparticles (chitosan, dextran, polyethylene glycol
(PEG) and polylactic-co-glycolic acid (PLGA)) possess photo-based imaging ability. These
can act as nanocarriers to deliver various fluorescent dyes or photosensitizers for photoimag-
ing and therapeutic applications including magnetic resonance imaging (MRI) and optical
imaging to photothermal therapy (PTT) and chemotherapy.2 In early 90s0, iron oxide
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nanoparticles with magnetic properties have been used as vascular contrast agent for MRI.275

AuNPs have been functionalized for the detection of biological molecules (DNA and pro-
teins), heavy metals, and glucose as well as microbes.276e278 In 2008, Huang et al. developed
optically responsive gold nanorod (GNR)-elastin-like polypeptide (ELP) nanoassemblies that
showed phase transition and aggregation of NPs upon NIR irradiation, which could be used
for drug sensor and drug delivery.

FIGURE 27.3 A general strategy for the biosynthesis of gold nanoparticles (Au NPs) using chitosan oligosac-
charide, followed by loading of paclitaxel (PTX) on stabilized Au NPs made of chitosan oligosaccharide (COS Au
NPs), and a potential mechanism for cellular uptake and mode of action of paclitaxel-loaded COS Au NPs in MDA-
MB-231 cancer cells.

5. Targeted drug delivery and disease diagnosis 631

IV. Biomedical applications of nanomaterials



PEGylated AuNPs showed Raman scattering efficiency increased by 14e15 orders of
magnitude, which could be applied for detecting cancer cells in animals.279 Similarly, PEGy-
lated AuNPs demonstrated ability for imaging tumor and blood cells since they can be easily
distributed and stabilized in aqueous solutions.280 It was shown that size, shape, and struc-
ture of Au NPs affect their scattering property. Very recently, biocompatible deferrioxamine
conjugated to PEGylated Mn(II) complex gold nanoparticles could be used as dual imaging
system in MRI and CT scan and also effective against 4T1 breast tumor-bearing BALB/c
mice.281 Similarly, AuNPs in the size range of 30e100 nm were found to scatter light strongly,
which can be detected using dark-field microscopy imaging.282 Huang and El-Sayed282 pre-
pared spherical AuNPs (40 nm) conjugated with epidemic growth factor (EFGR). After 4 min
of exposure to laser light, head and neck cancers could be detected. Tabrizi et al.283,284 devel-
oped inexpensive and highly selective electrochemical aptasensors based on MWCNTS-
PdNano/Ptca and Au@AgNPs for counting leukemic lymphoblast and adenocarcinoma
gastric cancer cells. AuNPs modified with PEG and polyethylmethacrylate (PEMA) showed
efficient tumor detection when used along with antitumor drug daunorubicin.285 Recently, a
brief review on application of gold NPs in cancer therapy and diagnosis is published
elsewhere.286

6. Nano-vaccination and immunotherapy

Vaccination is an important achievement of medical science that helps human beings to
survive against several epidemics and pandemics. Vaccines induce immune response and
provide lifelong protection and it may contain inactivated, killed, or attenuated microbes.
The main objectives of effective vaccines design are successful presentation of antigens to an-
tigen presenting cells (APC), the ability of APCs to process antigens287,288 and present them to
T-cells along with MHC and other costimulatory cells.289 APC internalize and process anti-
gens and hence matures and migrates to lymph nodes and present the antigen to T-Cells.
Development of new vaccines for emerging infectious diseases and improvement of existing
vaccines against specific diseases is the major concern of pharmaceutical industries.290 Vac-
cines failed, however, to protect some patients and also pose health risk due to reversal of
virulence.291 In addition, vaccines should also induce immune response to cancer, HIV, ma-
laria, and tuberculosis. Nanotechnology has been recently involved into vaccine development
to overcome the drawbacks of conventional vaccination progress by developing nanocarrier-
based delivery systems to increase cellular and humoral immune responses and slow release
of targeted delivery. Scientists believed that nanovaccines could overcome pathogen-
mediated evasion of the immune response and induce specific cytotoxic T-lymphocyte
(CTL; activated CD8þ T cell).292,293 Nanoparticles used as adjuvants can facilitate the uptake
of vaccine antigen by APCs and achieve efficient antigen recognition and presentation to
target specific receptors onto the cell surface to stimulate selective and specific immune
responses.294

In the last 2 decades, several particles with different physicochemical characteristics have
been evaluated for delivering antigens, such as (co)polymers, liposomes, mesoporous silica,
chitosan, and particle size and found to control the immunological fate of their bio-
distribution, pharmacokinetics, efficacy, and cellular internalization.295e299 Usually, NP
based vaccines target Dendritic Cells (DC) and sometimes targets lymph nodes with APCs
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that eliminates premature antigen presentation.300 Nanovaccines itself elicit themselves im-
mune response however the immune response is not enough to maintain its activity and
also tumor- or tissue-infiltrating ability of T cells. Hence, combination of nanovaccines and
immune modulators could be used as a therapeutic agent. For example, combination of
nano disc vaccine and anti-PD-1, anti-CTLA-4 can destroy cancer cells.301 Similarly, antigens
were combined with several Inorganic NMs such as gold NPs, quantum dots, silica NPs, car-
bon nanotubes, and iron oxide NPs and subsequently used as vaccines to stimulate immune
response against infectious disease.302e307

Use of Poly (lactic-co-glycolic acid) (PLGA) as a nanocarrier for imaging, drug targeting
and therapy have gained more attention due to their biocompatibility and degradation poten-
tial. Cisplatin-loaded poly(L-glutamic acid)-g-methoxy poly(lactic-co-glycolic acid) nanopar-
ticles were developed for treating lung cancer308 and their recent advancement has been
reviewed by Farooq et al.309 Similarly, spherical PLGA-NPs were used to encapsulate an inac-
tivated Swine influenza virus (SwIV) H1N2 antigens and tested for treating swine flu.310

Several types of formulations have been recently developed for various diseases, suitable vac-
cine formulations, toxicity assessment, drug solubility rate, and saturation but storage seems
to be a challenge.164,311 Chitosan and pullulan (natural biopolymer-based nanodelivery sys-
tems) have been tested on animals as vaccine and adjuvant delivery systems and the results
revealed that vaccination doses of the antigen entrapped in nanoparticles via intranasal
induced higher systemic and mucosal antibody responses. Likewise, chitosan NPs loading
plasmid DNA encoding nucleocapsid protein of Severe Acute Respiratory Syndrome Corona-
virus (SARS-CoV) for nasal immunization in mice has been studied.312 Therefore,
nanocarrier-based delivery systems could provide a suitable route of administration of vac-
cine molecules and enhance cellular uptake thereby resulting in the induction of innate and
adaptive immune responses against infectious diseases.313 Development of multifunctional
nanovaccines significantly increased stability, sustained release of antigens, lowered immu-
notoxicity, increased target-specificity, facilitated modification of nanoparticle surfaces and
ability to codeliver antigens along with adjuvants that may potentially be used more broadly
for the prevention and treatment of infectious disease and cancer.314 For instance, GNPs con-
tains high-mannoside-type oligosaccharides (P1@HM) and HLA-A*0201-restricted HIV-
peptides showed increased DC activity that resulted in high level of HIV-specific CD4þ

and CD8þ T-cell proliferation and cytokine secretion. The results of the study would be prom-
ising approach for improving HIV vaccines (Fig. 27.4).315

In animal models, gold NPs are effective immunotherapeutic against several contagious
diseases including HIV, malaria, listeria, and parasitic diseases.302,316e319 Additionally, the
size-dependent effect of AuNP has been tested against its response on viral proteins (NP-
displayed foot-and-mouth disease related peptide).320 In a study, codelivery of AuNPs
with ovalbumin (OVA) was found to stimulate Toll-like receptor 9 (TLR9), in which the im-
munization with AuNps along with treated DCs showed reduced viral removal than mice
immunized with DC and control.307 AuNPs are considered as Class B Select Agent and
were found to protect the immunized animals against Burkholderia mallei when conjugated
with LPS and protein carrier.321

Cancer cells are surrounded by immunosuppressive microenvironment that restricts the
immune system to recognize and kill cancer cells. Hence, treating cancer even in the era of
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the advanced science is still a challenge. Further, the available methods including chemo-
therapy radiation have several side effects.302 Recently, researchers found that the delivery
of OVA and cytosine-phosphate-guanine (CpG) motif on polypropylene sulfide NPs delayed
tumor growth of thymoma cell line.322 Iron oxide NPs are superparamagnetic particles,
which could be used to target immune signals because it can evade biological barriers and
visualized using high-contrast MRI at cellular level.323,324 Being magnetic and owing to their
ability to imaging eliciting immune signal, iron oxide NPs can be used as immunotherapeutic
agents against several diseases particularly to cancer. For instance, dimercaptosuccinic acid
(DMSA)-coated magnetic NPs were found to possess ability for adsorbing the antitumori-
genic cytokine IFN.323 Similarly, iron oxideezinc oxide coreeshell NPs were used to target
DCs for cancer therapy and imaging applications (Fig. 27.5).325

7. Conclusions and future perspectives

The biologically synthesized metal and metal oxide NPs possess interesting advantages
compared to the chemically synthesized NPs, which include biocompatibility, low cost,
and environmental friendliness. As discussed above, metal and metal oxide NPs have poten-
tial biomedical applications in treating infections and targeted drug delivery systems. Also,
functionalization of these NPs could be used as nanovaccine and improved immunotherapy
cancers and diseases. However, knowledge on the bioactive material responsible for the for-
mation of NPs during biosynthesis is still limited since the biological molecules are respon-
sible for both biocompatibility and stability, and more information on this is needed for
the biofabrication of desired NPs. Several groups of researchers have been focusing on the
largescale production of biosynthesis of smaller sizes with reproducibility and commerciali-
zation. Large-scale production biosynthesized NPs are still at its infancy and still need
improvement and optimization. Though metal and MO NPs are effective against drug

FIGURE 27.4 (i) Representation of the development of GNP formulation conjugated with HLA-restricted HIV
peptides and mannosides, and loaded with dendritic cells for the enhancement of HIV-specific T-cell responses. (ii).
Response of cell in terms of T-cell proliferation in response to autologous MDDC pulsed with peptide@manno GNPs.
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resistant pathogens, information on their metabolism, clearance, toxicity, and in-depth
knowledge on the pharmacokinetics/pharmacodynamics is very limited. Further, the envi-
ronmental fate and behavior of the NPs is not yet fully understood.

Functionalization of NPs with ligands can be accomplished by means of surface modifica-
tions that enable them to interact with biological molecules and make them as important tool
in nanomedicine. These nanomedicines have several advantages not limited to site targeted
drug delivery, controlled drug release, stability, improved bioavailability, and biocompati-
bility compared to conventional medicines. They could be potentially used as vaccines immu-
notherapeutics and early diagnosis of diseases. Some are already available in the market and
in some in clinical trials. However, these are only efficient at preclinical stages. Only very few
of them successfully translated to clinics. Other ones are already available in the market, but
their clinical translation is a major hurdle. The clinical trial framework for the nanomedicine
must be improved to ensure quality and safety of nanomedicine. The encapsulated drugs
have higher half lives in the body, but their long-term side effect of the nanomedicine needs

FIGURE 27.5 a) Key features of gold nanoparticles (Au NPs). B) Various methods of detection and treatment of
cancer using Au NPs. C) Systemic administration of multifunctional Au NPs for photothermal therapy (PTT),
photodynamic therapy (PDT), and cancer bioimaging. NIR ¼ near infra-red, ROS¼ reactive oxygen species.

7. Conclusions and future perspectives 635

IV. Biomedical applications of nanomaterials



to be deeply studied. Further, detailed toxicological profile of these nanomedicines is essen-
tial, and more research should focus on these aspects before clinical trials. Development of
nanocarriers is also an important factor for the translation of these medicines to clinics.
Collaborative interdisciplinary research all over the world is necessary for clinical use of these
NPs as therapeutics and diagnosis.
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1. Introduction

Cancer includes a range of diseases that arise as a result of the unregulated growth of ma-
lignant cells, which have the potential to invade or spread to other body parts. According to
American Cancer Society statistics, 1.8 million new cancer cases have been diagnosed, and
606,520 cancer deaths are estimated for 2020 in the United States.1 The term “cancer” refers
to uncontrolled cellular growth and multiplication resulting from a cell phenotype that
produces growth signals and is insensitive to antigrowth signals. Such cells have unlimited
replicative potential, evade apoptosis, induce angiogenesis, and stimulate invasion and
metastasis.2 There are many types of cancer with few typical or common characteristics, so
its treatment is incredibly challenging. Most chemotherapy drugs in the market are difficult
to administer directly, and many are toxic to healthy tissues and produce undesirable side
effects. To overcome these limitations, recent advances in nanoparticle-based cancer drug de-
livery present a promising strategy to achieve high therapeutic efficiency of anticancer agents
by providing protection during circulation and enhancing their bioavailability.3 Nanotech-
nology is the science that usually deals with the size range from a few manometers (nm)
to several hundred nm, depending on their intended use.4 It has been the area of interest
over the last decade for developing precise drug delivery systems as it offers numerous ben-
efits to overcome the limitations of conventional formulations.5,6 It is very promising both in
cancer diagnosis and treatment since it can enter the tissues at molecular level. Nanoparticles
are attractive vehicles for anticancer agents, because of their controlled drug release and tu-
mor selective properties.
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Although a variety of nanoplatforms is currently available, nanoparticle fabrication using
natural or synthetic biodegradable polymeric nanomaterials has attracted much attention in
drug delivery research because of their ability to precisely control and allow sustained release
of encapsulated drugs. The most employed polymers are PLGA, PLA, PGA, PCL, poly (D, L-
lactide), chitosan, and PLGA-PEG.7e11 PLGA has been in safe clinical use since its approval
by the FDA in 1969. PLGA particles for drug release were approved in 1989 (Lupron Depot)
and since then have been commonly used due to their controlled release properties for elicit-
ing a persistent therapeutic effect.12 PLGA nanoparticles can be prepared using an emulsion
solvent diffusion method, where during the particle preparation process, target drugs can be
effectively entrapped in the precipitated rigid core of nanoparticles. PLGA nanoparticles are
attractive candidates for tumor targeted therapy and imaging. Incorporating and encapsu-
lating drugs in PLGA matrices enables their slow release over a prolonged period of time,
which leads to a reduced frequency of dose administration, reduced discomfort, and peak
associated adverse effects. This results in protection of the drug or bioactive principle within
the body, and maintenance of its more constant blood levels. These benefits eventually in-
crease overall patient compliance. Among different polymers, poly (lactic-co-glycolic) acid
[PLGA] has been extensively used in biomedical applications. Another important benefit of
using polymers and nanoparticles as drug carriers derives from their ability to increase the
water solubility of hydrophobic drugs, extend the circulation of drugs in the blood, and sup-
press or eliminate fast renal excretion. Together, the use of drug carriers dramatically in-
creases organ or cell-specific drug accumulation13,14 and opens up the possibility of
controlled activation (i.e., release) of the delivered drug where the therapeutic effect is
required, for example, in tumor cells. Selective activation in this way could prevent the drug’s
toxicity from affecting normal tissues and cells, mitigating or eliminating any harmful side
effects it might otherwise have.

Curcuma longa is a medicinal plant that has been used in traditional Chinese and Indian
Ayurvedic medicines for thousands of years.15 The potential anticancer properties of curcu-
min were first reported in 1985, where investigators found both turmeric extract and pure
curcumin were cytotoxic to human lymphocytes, leukemic cells, and Dalton’s lymphoma
cells. In this report, the authors concluded that the cytotoxic component found in the turmeric
extract was curcumin.16 Curcumin has been studied as a therapeutic agent for a multitude of
disorders including inflammatory and autoimmune conditions, diabetes, skin conditions,
neurological and psychiatric disorders, and cancer.17 Several in vitro investigations demon-
strate that curcumin inhibits cancer cells growth (IC50; 50% cell growth inhibition) at concen-
tration of 5e30 mM,18e21 resembling cisplatin and gem-citabine (chemotherapeutic drug)
concentrations. Because of its exceptional medicinal value, a total of 68 clinical trials have
been registered with clinicaltrials.gov (as of April 16, 2020) in which most of them are target-
ing cancer. Curcumin has an extremely safe profile in both animals and humans.22,23 So far,
all the preclinical and clinical results from oral administration of curcumin have revealed
extremely poor bioavailability, typically in nanomolar concentrations.24e26 A classic example
is a pharmacokinetic study involving healthy humans which found that only 1.73 � 0.19 and
2.30 � 0.26 mg mL�1 of curcumin (Cmax) was present in serum levels even after a high oral
dose of 10 and 20 g curcumin, respectively.27 This suggests curcumin undergoes extensive
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metabolic changes in the intestine and liver. Polymeric nanoparticles were used to overcome
these issues.28e31

This chapter summarizes the recent development and application of PLGA/curcumin
nanoformulations in anticancer therapy. We first discuss about PLGA synthesis and their
physicochemical properties and fabrication of PLGA nanoparticles and curcumin-loaded
PLGA nanoparticles and highlighting their functional properties toward different cancer
types. In this chapter, we have given an overview of research in the field of anticancer
drug delivery using PLGA nanocarriers and hurdles that need to be overcome.

2. Synthesis of PLGA copolymer

The poly (lactic-co-glycolic) acid (PLGA) was prepared by modifying the procedure re-
ported by Wang et al.32 PLGA can be synthesized by melt-polycondensation and ring-
opening polymerization. The process for the preparation of PLGA has a strong influence
on the physicochemical properties of the resultant product. A general schematic representa-
tion of various steps of the experimental protocol to the synthesis of PLGA copolymer is indi-
cated in Fig. 28.1. In the present investigation three different catalysts, viz., tin powder,
stannous chloride, and stannous octoate were used for PLGA copolymer synthesis.

The low molecular weight PLGA copolymers synthesized by simple modification by
melt poly condensation have been reported by Ajioka et al.33 The synthesis of copolymers
of DL-lactic acid and glycolic acid is illustrated in Fig. 28.2. In this method, PLGA with
high molecular weight can be prepared after a relatively long reaction period at 130�C under
high vacuum in diphenyl ether medium. However, removal of the solvent from the final
product is difficult, and hence the product is likely to be contaminated with the solvent.
Thus, it was thought that polycondensation should preferably be carried out in the limita-
tions arising from the use of azeotropic solvents34e36.

The alternate protocol (Fig. 28.3) in which stannous chloride was employed as a catalyst
without azeotropic distillation was adopted. The yield of PLGA is comparatively low in
this method when compared to that of stannous octoate as a catalyst (Fig. 28.4). Stannous
octoate is preferred for biomedical applications because of the high reaction rate of the poly-
merization, the low degree of racemization even at high temperatures and its low toxicity.37,38

Sn(oct)2 is a highly efficient commercial catalyst and a food additive permitted in numerous
countries.39 Although there are a variety of catalysts available such as antimony compounds,
zinc compounds, and alkoxides, stannous octoate is preferred because it is approved by the
FDA as a food stabilizer.40 In addition, stannous octoate is commercially available, easy to
handle and soluble in common organic solvents and cyclic monomers. The PLGA was ob-
tained by direct melt polycondensation of DL-lactic acid and glycolic acid through esterifica-
tion mechanism initiated by Sn(oct)2 under high vacuum (Fig. 28.4). The PLGA copolymers
are freely soluble in chloroform, tetrahydrofuran, dichloromethane, toluene, and dimethyl
sulfoxide.

However, these copolymers are partially soluble in solvents such as dimethyl formamide,
ethanol, methanol, and acetone and are completely insoluble in diethyl ether and water. Drug
delivery using di-block PLGA copolymers invariably makes use of medium and high
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molecular weight (20e70 KDa) systems. However, the drug loading and release behavior
profile of both hydrophilic and hydrophobic drugs with low molecular weight polymeric sys-
tems have not been explored yet. Besides, in most of the studies the PLGA copolymer with
only 50/50 ratio has been employed and the efficacy of these systems with other LA, GA ra-
tios has not been completely understood.

FIGURE 28.2 Schematic representation of synthesis of PLGA copolymer using Sn powder catalyst.

FIGURE 28.1 Schematic representation of synthesis of PLGA copolymer.
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The optimized method to prepare 10 different ratios of PLGA, viz., PLG1:95/05, PLG2:90/
10, PLG3:85/15, PLG4:80/20, PLG5:75/25, PLG6:70/30, PLG7:65/35, PLG8:60/40, PLG9:55/
45, and PLG10:50/50 is provided in Fig. 28.4. Wu et al. have reported a series of PLGA co-
polymers with various molar ratios of lactic to glycolic acid (85/15, 75/25 and 65/35) with
different molecular weights (13,000e14,000).41

3. Characteristics of PLGA

PLGA is a copolymer of lactic acid and glycolic acid, and it is accepted by the food and
drug administration (FDA) of the United States, owing to its biodegradability and biocompat-
ibility. Poly (lactic-co-glycolic acid) (PLGA) PLGA copolymers are aliphatic polyesters
composed of varying proportions of lactic and glycolic acids. Different PLGA products are
available in the market. PLGA is the most frequently used biodegradable polymer in the
controlled (Drug Delivery Systems) DDSs. PLGA with less than 70% lactic acid will be amor-
phous in nature, which is preferable for controlled drug release applications because of its
low mechanical strength and high biodegradability where increased lactic acid percentage
(>70%) often results in crystalline PLGA with high mechanical strength for use in other
biomedical and tissue engineering applications.42

Molecular weight and polydispersity index are the key factors which influence the me-
chanical strength of PLGA as well as its ability to be formulated as a drug delivery carrier
and controlling its degradation rate and hydrolysis. However, the type of drug being used
also affects the release rate. Crystallinity also affects swelling behavior, mechanical strength,
and capacity to undergo hydrolysis, as well as biodegradation rate. PLGA has an inherent
viscosity of 0.5e0.8 mPa. PLGA copolymers are largely amorphous and exhibit a glass

FIGURE 28.3 Schematic representation of synthesis of PLGA copolymer using SnCl2 catalyst.

FIGURE 28.4 Schematic representation of synthesis of PLGA copolymer using Sn(oct)2 catalyst.
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transition temperature (Tg) in the range of 40e60�C. It shows glassy behavior and possesses a
rigid chain structure. PLGA can be processed into any shape and size and is capable of encap-
sulating molecules of varied sizes43e45. PLGA is readily soluble in most of the organic sol-
vents. When the more crystalline PGA is copolymerized with PLA, the resultant PLGA has
a lower degree of crystallinity and a higher hydration rate and hydrolysis. Assuming gener-
alization, the higher the PGA content, the faster is the degradation. However, PLGA (50:50)
does not comply with this rule and exhibits faster degradation. Boury et al. have investigated
bovine serum albumin (BSA) release from 10 mm microspheres prepared with 50:50 PLGA of
two different molecular weights (15 and 87 kDa). A quasi-absence of burst effect was
observed with the lowest molecular weight polymer, but it was followed by an incomplete
release after 1 month. With the higher molecular weight PLGA, a high initial release of
BSA was recorded in the first hours and thereafter, the remainder of the encapsulated BSA
was completely released over the following 15 days.46 Makino et al. showed pulsatile drug
release in high molecular weight PLGAs. At lower molecular weight (19,000), a relatively
constant release profile was obtained; increasing molecular weight to 23,000e44,000 and
74,000 decreased the linearity of release.47

The degree of crystallinity and melting point is related to molecular weight. Commercially
available PLGA polymers are usually characterized in terms of intrinsic viscosity, which is
directly related to their molecular weight.43,45,48 PLGA is known to be a biocompatible and
nontoxic polymer. These properties were first established by the production of biodegradable
sutures. Dexon (PGA) and Vicryl L-PLGA (8:92) are biodegradable sutures that have a history
of clinical use older than 30 years. The physicochemical properties of a polymer affect the host
response to a polymeric implant. PLGA implantation studies in the bone or soft tissues of an-
imals have shown either nil or very mild inflammatory responses that ease out with time.
Thus, no toxicity or allergic responses were reported with PLGA.45,49e51 The following are
lead suppliers of Good Manufacturing Practice (GMP) grade PLA, PGA, and PLGA: Purac,
Birmingham Polymers, Boehringer Ingelheim, Alkermes, Sigma Aldrich Chemical Company
and Polyscience. Other suppliers include Mitsui Chemicals, cater to local niche markets. Bir-
mingham polymers have a range of PLGA copolymers priced at approximately $38e47 per
gram. PLA and PLGA represent nontraditional excipients in the pharmaceutical industry.
While the present demand for these polymers is limited, a significant growth potential exists,
primarily driven by the development and advances in PLGA drug delivery systems. The first
FDA-cleared PLGA product was the Lupron Depot drug-delivery system (TAP Pharmaceu-
tical Products, Lake Forest, Illinois) a controlled release device for the treatment of advanced
prostate cancer that used biodegradable microspheres of 75:25 lactide/glycolide to admin-
ister leuprolide acetate over a period of 4 months (replacing daily injections).

4. Method of preparation of PLGA nanoparticles

Several methods for polymeric nanoparticle production have been developed, which
generally include two main steps. The first step is to prepare an emulsified system, and
this is common to all the methods used. The nanoparticles are formed during the second
step, which varies according to the method used. In general, the principle of the second
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step gives its name to the method. Some methods do not require the preparation of an emul-
sion prior to obtaining the nanoparticles and are based on spontaneous precipitation of a
polymer or through self-assembly of macromolecules.52 The commonly used methods for
preparation of PLGA nanoparticles are:

1. Emulsification solvent evaporation53

2. Emulsification solvent diffusion54

3. Emulsification reverse salting-out54

4. Nanoprecipitation55

The emulsification solvent evaporation is one of the most frequently used methods among
the above methods.

4.1 Emulsion solvent evaporation

4.1.1 Single (oil/water) evaporation method

In the single emulsion method (oil-in water), PLGA is gradually first dissolved in dichloro-
methane, which constitutes the organic phase.56e63 Hydrophobic drug is added to this
organic phase in a glass tube. The tube is vortexed until the drug is homogenously dispersed.
Then this solution is added to a large volume of water in the presence an emulsifier or
capping agent (e.g., polyvinyl alcohol [PVA], Tocopherol polyethylene glycol 1000 succinate
[TPGS], Polyethylene glycol [PEG]) and homogenized using an Ultra-Turrax homogenizer or
by using an ultrasonicator at 0�C. After this step, the emulsion is poured into a beaker and
stirred uncovered with a magnetic stirrer until the organic solvent is completely evaporated
at room temperature. This process allows the nanoparticles to harden. Once the organic sol-
vents are removed, the nanoparticles are collected by repeated centrifugation and/or dialysis.

4.1.2 Double emulsion (water/oil/water) evaporation method

In the double emulsion method,64e74 aqueous phase is prepared by dissolving an appro-
priate amount of the hydrophilic drug in deionized water. Then this solution is added drop-
wise into the organic phase containing PLGA polymer dissolved in organic solvent under
high-speed vortexing/stirring to obtain a water-in-oil primary emulsion. This primary emul-
sion is then added to an aqueous solution containing emulsifier (e.g., PVA, PEG, TPGS), and
ultrasonicated in an ice bath or homogenized at high-speed using Ultra Turrax for the appro-
priate time. The organic solvent is then allowed to evaporate, as described in the single emul-
sion procedure. The nanoparticles are then washed, centrifuged, lyophilized, and collected. It
is important to note that the choice of organic solvents, emulsifier concentration, and stirring
speed will impact the final nanoparticle size and drug loading. Fig. 28.5 shows the schematic
illustration of hydrophilic drug-encapsulated PLGA nanoparticles synthesis using water-oil-
water emulsion method.

4.2 Properties of PLGA nanoparticles

Characterization becomes a prerequisite for understanding the properties of the nanopar-
ticles. Several parameters can provide insight into the properties of the nanoparticles. First
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and foremost, size helps determine the efficacy of the nanoparticles, release profile, and
degradation pattern. Dynamic light scattering, scanning electron microscopy, transmission
electron microscopy, and atomic force microscopy can be used to determine parameters
such as size, shape. Distribution, and morphology of the nanoparticle. It has also been re-
ported that the higher molecular weight of the polymer has an adverse effect on the particle
size, encapsulation efficiency, and degradation rate.75 The chain length of the polymer repre-
sents the molecular weight of the polymer, thus reflecting the chemical nature of the polymer,
that is, its hydrophobic or hydrophilic nature. It is well known that polymers with shorter
chain length are hydrophobic and have a faster degradation rate. However, polymers with
a longer chain length are generally hydrophilic in nature and have a shorter degradation
rate. Thus, the molecular weight of the polymer plays a crucial role in deciding the release
kinetics of the drug.76 Size exclusion chromatography is useful in determining the molecular

FIGURE 28.5 Schematic illustration of hydrophilic drug encapsulated PLGA nanoparticles.
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weight of the polymer.77 It has also been observed that the in vitro and in vivo release char-
acteristics of the drug are affected by the physical state of both the drug and polymer. The
muco-adhesion, nanoparticle constancy and intracellular trafficking are greatly dependent
on the zeta potential.78 The biodistribution of the nanoparticles is greatly dependent upon
their hydrophobic nature. Various studies have corroborated that the retention time of hydro-
philic particles is more than that of hydrophobic particles.79 Techniques such as water contact
angle measurement and hydrophobic interaction chromatography may be used to determine
the hydrophobicity and hydrophilicity of the nanoparticles, respectively.80 The surface chem-
istry can be analyzed with a variety of techniques such as X-ray photoelectron spectroscopy,
Fourier transform infrared spectroscopy, and nuclear magnetic resonance spectroscopy.81

5. Cancer

Cancer is the leading cause of death worldwide, and its treatment has been a major
concern for researchers and doctors. Severe side effects of prominent anticancer drugs
have forced the research community to explore delivery vehicles to achieve drug delivery
specifically to the cancer site. Among these, nanoparticles emerged as the most potential can-
didates. But of various metallic and inorganic nanocarriers explored for the purpose of drug
delivery, none are without any toxic effect to normal cells. Such a scenario shifted focus of
delivery vehicle research to biocompatible and nontoxic carriers leading to polymeric
nanocarriers.

There are several common strategies for targeting specific cancer cells to inhibit tumor
development, progression, and metastasis without causing severe side effects.82 In addition
to the chemically synthesized anticancer agents, several anticancer compounds with different
modes of action have been extracted from plant sources, such as Taxus brevifolia, Catharan-
thus roseus, Betula alba, Cephalotaxus species, Erythroxylum previllei, Vincarosia, Curcuma
longa, and many others.83 Among them, curcumin is the most important component of the
rhizomes of Curcuma longa L. (turmeric)84 and was extracted from turmeric in pure crystal-
line form for the first time85 in 1870.

5.1 Curcumin: from ancient medicine (Indian solid gold)

The polyphenol curcumin (Fig. 28.6) is the active ingredient in the herbal remedy and di-
etary spice turmeric (Curcuma longa Linn). This vibrant yellow spice, derived from the
rhizome of the plant,86 has a long history of use in traditional medicines of China and India.87

Curcumin has a surprisingly wide range of beneficial properties, including antiinflamma-
tory, antioxidant, chemopreventive. and chemotherapeutic activity (Fig. 28.7). The pleiotropic
activities of curcumin derive from its complex chemistry as well as its ability to influence
multiple signaling pathways, including survival pathways such as those regulated by NF-
kB, Akt, and growth factors as well as cytoprotective pathways dependent on Nrf2. Curcu-
min is a free radical scavenger and hydrogen donor and exhibits both pro- and antioxidant
activity. It also binds metals, particularly iron and copper, and can function as an iron
chelator. Curcumin is remarkably nontoxic and exhibits limited bioavailability. Curcumin
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exhibits great promise as a therapeutic agent and is currently in human clinical trials for a
variety of conditions including multiple myeloma, pancreatic cancer, myelodysplastic syn-
dromes, colon cancer, psoriasis. and Alzheimer’s disease.

Curcumin and its derivatives have received immense attention in the past 2 decades due to
their biofunctional properties such as antitumor, antioxidant, and antiinflammatory activ-
ities.88 These properties are attributed to the key elements in the curcumin structure.89 There-
fore, a great deal of scientific work has shed light on the structure activity relationship (SAR)
of curcumin to improve its physiochemical and biological properties. Due to the importance
of cancer as a leading cause of death and the ongoing quest for more efficient and less toxic
anticancer agents, the focus is on the anticancer activity of curcumin.

FIGURE 28.7 Pictorial representation of
therapeutic potential of curcumin.

FIGURE 28.6 Different sources of curcumin and its structure.
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5.2 PLGA/curcumin nanoformulation in anticancer therapy

Curcumin, the active ingredient of turmeric, has remarkable antitumor activity against
various cancers. However, it has poor absorption and low bioavailability; thus, to cross the
bloodebrain barrier and reach tumor tissue, it needs to be transferred to tumor site by special
drug delivery systems, such as nanoparticles. PLGA is a biocompatible member of the
aliphatic polyester family of biodegradable polymers. For this reason, it has long been a fash-
ionable choice for drug delivery applications, particularly since it has been FDA-approved for
administration in humans under different pharmaceutical formulations. In this context,
PLGA-based nanovectors present well-documented advantages for drug delivery purposes,
as their self-assembled matrix enhance drug stability and protection from degradation
induced by the external environment. Moreover, at the nanoscale size, nanoparticles can
easily penetrate cancer tissues through the “enhanced permeation and retention” (EPR) effect;
in this way, the sustained release of the cargo from the polymer matrix could enhance ther-
apies improving the drug pharmacodynamic profiles (Table 28.1).

TABLE 28.1 PLGA/curcumin nanoformulations for the treatment of different cancers and their outcome.

PLGA/curcumin nanoformulations for
the treatment of different cancers
(publication titles) Outcome References

Breast cancer

Intracellular drug release from curcumin-
loaded PLGA nanoparticles induces G2/M
block in breast cancer cells

PLGA nanoparticles (NPs) release curcumin intracellularly
inducing time- and dose-dependent inhibition of proliferation
via a G2/M block even at low concentrations of drug.
The study of intracellular degradation of NPs associated with
a specific G2/M blocking effect on MCF7 breast cancer cells
caused by curcumin release in the cytoplasm provided direct
evidence on the mechanism of action. PLGANPs proved to be
completely safe, suggesting a potential utilization of this
nanocomplex to improve the intrinsically poor bioavailability
of curcumin for the treatment of severe malignant breast
cancer.

[93]

EGFR-targeting PLGA-PEG nanoparticles
as a curcumin delivery system for breast
cancer therapy

Effective delivery of an anticancer agent, curcumin, into
EGFR-expressing MCF-7 cells in vitro and in vivo.
Curcumin-loaded NPs gave rise to reduced phosphoinositide
3-kinase signaling, decreased cancer cell viability, attenuated
drug clearance from the circulation, and suppressed tumor
burden.

[94]

Hybrid nanoparticles coated with
hyaluronic acid lipoid for targeted co-
delivery of paclitaxel and curcumin to
synergistically eliminate breast cancer
stem cells

Fabrication of bCSC (breast cancer stem cell)-targeting
codelivery system (HA-Hybrid NPs) by attaching a lipoid
(HA-HDA) to the surface of hydrophobic PLGA NPs to
codeliver the widely used chemotherapy agent PTX and the
selective inhibitor of cancer stem cells (CSCs) curcumin
(CUR). bCSC-targeted HA-Hybrid NP provides a potential
strategy for enhancing breast cancer therapeutic efficiency.

[95]

Gemcitabine co-encapsulated with
curcumin in folate decorated PLGA

Nanosuspension to enhance its anticancer potentiality
synergistically.

[96]

(Continued)
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TABLE 28.1 PLGA/curcumin nanoformulations for the treatment of different cancers and their
outcome.dcont’d

PLGA/curcumin nanoformulations for
the treatment of different cancers
(publication titles) Outcome References

nanoparticles; a novel approach to treat
breast adenocarcinoma

The folate conjugated dual drug formulations. Folate
conjugated curcumin and gemcitabine loaded nanoparticles
(FCGNPs) gave better results in suppressing the pgy-1 gene
and also showed higher cellular uptake, cytotoxicity,
apoptosis, and cell cycle arrest.
The in vivo therapeutic efficacy of FCGNPs was higher
compared to unconjugated and respective single-drug
formulations.

GANT61 and curcumin loaded PLGA
nanoparticles for GLI-1 and PI3K/Akt
mediated inhibition in breast
adenocarcinoma

The NPs induced cytotoxic effects to breast cancer cells
followed by cell death via autophagy and apoptosis,
reduction in their target protein expression along with
compromising the self-renewal property of CSCs.
The dual-drug NPs provide a novel perspective on the aid of
existing anticancer nanomedicine therapies to target a
heterogeneous tumor mass effectively.

[97]

Methotrexate and curcumin co-
encapsulated PLGA nanoparticles as a
potential breast cancer therapeutic system:
in vitro and in
vivo evaluation

Methotrexate and curcumin could be efficiently encapsulated
in PLGA.
Codelivery of methotrexate and curcumin inhibits
progression of breast cancer.
Curcumin enhances the loading efficacy of methotrexate in
PLGA NPs.

[98]

An in vivo study for targeted delivery of
curcumin in human triple negative breast
carcinoma cells using biocompatible PLGA
microspheres conjugated with folic acid

Curcumin-loaded PLGA microspheres induce apoptosis in
human triple-negative breast cancer cells by upregulating
cleaved caspase-3 and downregulating p-AKT.
Effective vehicle for delivery of hydrophobic drugs to the
folate overexpressed cancer cells.

[99]

pH-sensitive polymeric nanoparticles of
mPEGPLGA-PGlu with hybrid core for
simultaneous encapsulation of curcumin
and doxorubicin to kill the heterogeneous
tumor cells in breast cancer

Use of CURDOX-NPs is a potentially useful therapeutic
strategy for refractory breast cancer.
The percentage of CSCs in tumor significantly decreased in
control group.

[100]

PLGA-CTAB curcumin nanoparticles:
Fabrication, characterization, and
molecular basis of anticancer activity in
triple negative breast cancer cell lines
(MDA-MB-231 cells)

Effective delivery of curcumin in TNBC cancer cells and opens
new frontiers in clinical cancer chemotherapy.
Evaluation of PLGA-CTAB curcumin NP anticancer efficacy
and the underlying mechanism in triple-negative breast
cancer cell lines (MDA-MB-231 cells).

[101]

Nano-encapsulated metformin-curcumin
in PLGA/PEG inhibits synergistically
growth and hTERT gene expression in
human breast cancer cells

Coencapsulation of metformin (Met) and curcumin (Cur) in
PEGylated PLGA NPs and evaluation of their therapeutic
efficacy on T47D breast cancer cells.
MeteCurePLGA/PEG NPs exhibit synergistic
antiproliferative effect and significantly arrest the growth of
cancer cells (P < .05).
MeteCurePLGA/PEG NPs based combinational therapy
holds promising potential toward the treatment of breast
cancer.

[102]
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TABLE 28.1 PLGA/curcumin nanoformulations for the treatment of different cancers and their
outcome.dcont’d

PLGA/curcumin nanoformulations for
the treatment of different cancers
(publication titles) Outcome References

Chemopreventive efficacy of curcumin
loaded PLGA microparticles in a
transgenic mouse model of HER-2 positive
breast cancer

Curcumin treatment decreases mammary VEGF levels
significantly.
PLGA microparticles enhance tumorigenesis.
This method can decrease the overall dose of curcumin and
allow the development of sustained release curcumin dosage
forms as a practical approach to cancer chemoprevention.
PLGA microparticle administration was shown to be
associated with higher plasma lactic acid levels and increased
activation of NF-kB.

[103]

Fabrication of curcumin encapsulated
PLGA nanoparticles for improved
therapeutic effects in metastatic cancer
cells

Encapsulation of curcumin in poly(lactic-co-glycolide)
(PLGA) NPs, in the presence of poly(vinyl alcohol) and
poly(L-lysine) stabilizers using nanoprecipitation method.
Nano-CUR6 (optimized curcumin nanoformulations) shows
improved anticancer potential in cell proliferation and
clonogenic assays compared to free curcumin.
Therapeutic efficacy of curcumin may be enhanced by PLGA
NP formulations, and tumor-specific targeted delivery of
curcumin is made feasible by coupling of anticancer antibody
to the NPs.

[104]

Anticancer efficiency of curcumin-loaded
mesoporous silica nanoparticles/nanofiber
composites for potential postsurgical
breast cancer

Curcumin incorporated into the mesoporous silica NPs
(CUR@MSNs) were embedded into the randomly oriented
bead-free electrospun poly(lactic-co-glycolic acid) nanofibers
(PLGA NFs) and exhibited a sustained and prolonged drug
release profile.
Higher cytotoxicity and lower migration with increased
apoptosis induction were detected in the cells treated with
CUR@MSNs/PLGA NFs.

[105]

The remarkable role of emulsifier and
chitosan, dextran, and PEG as capping
agents in the enhanced delivery of
curcumin by nanoparticles in breast cancer
cells

The encapsulation efficiency of curcumin by PLGA NPs with
different capping agents such as chitosan, PEG, and dextran
and emulsifier lies in the range of 82%e89% and the
antioxidant activity is 80%.
The in vitro anticancer activity of PLGA NPs embedded with
curcumin and different capping agents on MCF-7 indicates
that they are more effective in arresting cell growth. The
cellular uptake of TPGS emulsified dextran capped curcumin
encapsulated PLGA NPs is much higher when compared to
that of PLGA NPs with other capping agents, emulsifier, and
free curcumin.

[106]

Targeted nanocurcumin therapy using
Annexin A2 antibody improves tumor
accumulation and therapeutic efficacy
against highly metastatic breast cancer

The in vivo targeting potential as well as combinatorial
therapeutic potential of Annexin A2 (AnxA2) antibody-
conjugated curcumin loaded poly(lactic-co-glycolic acid)
(PLGA) NPs (AnxA2-CPNP) against metastatic breast cancer
cells are enhanced.

[107]

(Continued)
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TABLE 28.1 PLGA/curcumin nanoformulations for the treatment of different cancers and their
outcome.dcont’d

PLGA/curcumin nanoformulations for
the treatment of different cancers
(publication titles) Outcome References

Blood cancer

Coformulation of doxorubicin and
curcumin in poly-(D, L-lactide-co-glycolide)
nanoparticles suppresses the development
of multidrug resistance in K562 cells

CUR helps in the inhibition of expression of the hybrid gene
bcr/abl leading to increasing efficacy of formulation in K562
cells.
Effective delivery of the payload to the cells by NPs, and
combination therapy with doxorubicin (DOX) and curcumin
(CUR) produced more potential therapeutic effects.
The combination of DOX and CUR in NP formulation can be
utilized as a novel treatment regimen for chronic myeloid
leukemia.

[113]

Microfluidic assisted nanoprecipitation of
PLGA nanoparticles for curcumin delivery
to leukemia Jurkat cells

Size tuneable synthesis of Cur-PLGA NP is less than 100 nm
in diameter with a narrow size distribution and excellent
colloidal stability.
Cur-PLGA NP is a nontoxic and effective delivery system for
curcumin, which enhances anticancer activity of curcumin
against leukemia Jurkat cells compared to native curcumin.

[114]

Colon cancer

Real-time label-free targeting assessment
and in vitro characterization of curcumin-
loaded poly-lactic-co-glycolic acid
nanoparticles for oral colon targeting

CPLGA NPs (200 nm) (curcumin-loaded poly-lactic-co-
glycolic acid) surface-coated with chitosan (CS) for
gastrointestinal mucosa adhesion, wheat germ agglutinin
(WGA) for colon targeting, or GE11 peptide for tumor colon
targeting.
C-PLGA NP formulations exhibit good colloidal stability in
synthetic gastrointestinal fluids.

[117]

Co-delivery of camptothecin and curcumin
by cationic polymeric nanoparticles for
synergistic colon cancer combination
chemotherapy

Combined delivery of camptothecin (CPT) and CUR in a
single NP enhances synergistic effects of the two drugs.
Combinational application of CPT and CUR with a one-step-
fabricated codelivery system for effective colon cancer
combination chemotherapy.

[118]

The kinetics and release behavior of
curcumin loaded pH-responsive PLGA/
chitosan fibers with antitumor activity
against HT-29 cells

Poly(lactide-glycolide)/chitosan loaded with curcumin
nanofiber (PLGA/CS/Cur) was developed by
electrospinning technique.
The incorporated curcumin was well-dispersed and
maintained crystalline form in PLGA/CS fiber matrix by
hydrogen bonding.
At pH 7.4, the release followed Fickian diffusion mechanism;
while at pH 2.0, the release followed the coexistence of
diffusion and erosion mechanisms. The amount of Cur
released at pH 2.0 was much higher than that at pH 7.4. As a
result, the nanofibers demonstrated higher anticancer activity
at acidic environment.

[119]
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TABLE 28.1 PLGA/curcumin nanoformulations for the treatment of different cancers and their
outcome.dcont’d

PLGA/curcumin nanoformulations for
the treatment of different cancers
(publication titles) Outcome References

Enhanced drug retention, sustained
release, and anti-cancer potential of
curcumin and indole-curcumin analog-
loaded polysorbate 80-stabilized PLGA
nanoparticles in colon cancer cell line
SW480

Indole-incorporated curcumin analog and curcumin loaded
PLGA NPs had a size range of 50e150 nm diameter.
Nanoformulation preserved the drug from degradation in
wide ranges of pH environments.
NPs treatment against SW480 cancer cell line triggered
nuclear fragmentation, cell cycle blockade, inhibition of
apoptosis, and metastatic biomarkers.

[120]

Chitosan/carboxymethylcellulose-
stabilized poly(lactide-co-glycolide)
particles as bio-based drug delivery
carriers

CS/NaCMC-covered-PLGA particles showed colloidal
stability, over a wider pH range when compared to CS-
covered-PLGA particles.
Curcumin, a model hydrophobic drug, was encapsulated into
the particles up to 10 wt% of PLGA. The CS/NaCMC-
covered-PLGA particles loaded with curcumin showed
delayed release in mildly acidic conditions and faster release
in neutral and basic conditions.
Cytotoxicity experiments carried out with human colorectal
carcinoma cells yielded good results.

[121]

Factorial design formulation optimization
and in vitro characterization of curcumin
loaded PLGA nanoparticles for colon
delivery

In vitro cellular uptake studies with HT-29 cells showed that
the optimized curcumin-loaded PLGA NP exhibited a much
higher cellular uptake of curcumin (i.e., 7.01 � 0.33 mg/106
cells) than a native curcumin solution (3.74 � 0.56 mg/106
cells).

[122]

Passively targeted curcumin-loaded
PEGylated PLGA nanocapsules for colon
cancer therapy in vivo

Use of PLGA-based polymeric oil-core nanocapsules (NCs)
for curcumin loading and delivery to colon cancer in mice
after systemic injection.
Castor oil-core PLGA-based NC achieves high drug loading
efficiency (z18% w(drug)/w (polymer)%) compared to
previously reported NCs.
Curcumin-loaded NCs internalize more efficiently in CT26
cells than the free drug and exert therapeutic activity in vitro,
leading to apoptosis and blocking the cell cycle.

[123]

Lung cancer

Dual release of angiostatin and curcumin
from biodegradable PLGA microspheres
inhibit Lewis lung cancer in a mice model

Codelivery of angiostatin and curcumin by PLGA
microspheres for the synergistic treatment of lung cancer.
Dual-drug loaded microspheres exhibit a higher
antiproliferative activity in endothelial cells but not in HepG2
cell.
Dual-drug loaded Ms (AseCurePLGA-Ms) exhibit higher
antitumor activity when compared to single-drug loaded Ms
(ASePLGA-Ms and CurePLGA-Ms).

[127]

(Continued)
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TABLE 28.1 PLGA/curcumin nanoformulations for the treatment of different cancers and their
outcome.dcont’d

PLGA/curcumin nanoformulations for
the treatment of different cancers
(publication titles) Outcome References

A comparison between PLGA-PEG and
NIPAAm-MAA nanocarriers in curcumin
delivery for hTERT silencing in lung cancer
cell line

Comparison between PLGA-PEG and NIPAAm-MAA
nanocarriers in delivery of curcumin and also in levels of
hTERT (Telomerase reverse transcriptase) silencing in lung
cancer cell line (calu-6).
Curcumin loaded PLGA-PEG decreases hTERT expression
levels more than that of curcumin loadedNIPAAm-MAA and
free curcumin.
Curcumin loaded PLGA-PEG can be a useful nano-based
carrier for delivery of curcumin to fight lung cancer.

[128]

The effects of nanoencapsulated curcumin-
Fe3O4 on proliferation and hTERT gene
expression in lung cancer cells

By encapsulation of curcumin-Fe3O4, cytotoxicity of the drug
substantially increased for all concentrations.
Expression level of the hTERT in A549 lung cancer cell lines
was reduced with increasing concentrations in both pure and
nanoencapsulated curcumin.
Compared to pure form, nanoencapsulated curcumin caused
further decline in the expression levels of the gene.

[129]

Ovarian cancer

Photodynamic therapy of ovarian
carcinoma cells with curcumin-loaded
biodegradable polymeric nanoparticles

Curcumin-loaded biodegradable PLGA NPs (CUR-NPs)
exhibit better physicochemical properties such as stability in
the presence of light and improved serum stability compared
to free curcumin.
Nanoformulation facilitates the use of higher amounts of
curcumin and shows strong apoptotic effects on tumor cells.
Formulation of CUR-NPs for photodynamic therapy.

[132]

Coreeshell microencapsulation of
curcumin in PLGA microparticles:
programmed for application in ovarian
cancer therapy

Liquid-driven coflow focusing (LDCF)-CUR-loaded PLGA
microparticles (CPMs) exhibit high therapeutic potential in
the treatment of peritoneal cancers, such as ovarian, that
reside in the peritoneal cavity.
Pharmacokinetics of LDCF-CPMs shows slow systemic
absorption with longer mean residence time (MRT).
IP delivery of CUR can expose the ovarian tumor to higher
concentration for a longer duration by programming the
thickness of the shell.

[133]

Evaluation of the efficacy of paclitaxel with
curcumin combination in ovarian cancer
cells

PLGA-phospholipid-PEG NPs containing Taxol and CUR
have improved solubility and stability together with a slow-
release effect.
CUR is found to overcome the MDR of tumor cells by
elevating the paclitaxel concentration in the tumor cells to
improve the antitumor activity of this combination.

[134]
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TABLE 28.1 PLGA/curcumin nanoformulations for the treatment of different cancers and their
outcome.dcont’d

PLGA/curcumin nanoformulations for
the treatment of different cancers
(publication titles) Outcome References

Cervical cancer

Curcumin entrapped folic acid conjugated
PLGAePEG nanoparticles exhibit
enhanced anticancer activity by site
specific delivery

Curcumin entrapped NPs of PLGAePEG copolymer which
were conjugated with folic acid (PPF copolymer) are useful
for site-specific targeting since many cancer cells exhibit
external folic acid binding receptors.

[135]

Curcumin nanoformulation for cervical
cancer treatment

Poly(lactic-co-glycolic acid) based curcumin NP formulation
(nano-CUR) is compared with free CUR.
Nano-CUR effectively inhibits cell growth, induces apoptosis,
and arrests the cell cycle in cervical cancer cell lines.

[136]

A novel curcumin-loaded PLGA
micromagnetic composite system for
controlled and pH-responsive drug
delivery

Magnetic microspheres (MMS) exhibit excellent
superparamagnetism displaying a saturated magnetism (24.4
emu/g).
Microspheres (MS) and MMS were spherical in shape along
with a smooth surface of mean diameter of 0.5 and 1 mm,
respectively. MIONP content in MMS was 23.74 wt%.
MMS have a pH-induced drug-releasing asset with a
cumulative CUR releasing efficiency of 73.25%, and they have
cytotoxicity against HeLa cell lines with a significant potency.

[137]

Brain tumor

Effects of curcumin loaded PLGA
nanoparticles on the RG2 rat glioma model

Evaluation of the antitumor activity of curcumin on
glioblastoma tissue in the rat glioma-2 (RG2) tumor model.
Intratumoral administration of curcumin-loaded poly((lactic-
co-glycolic acid)-1,2-distearoyl-glycerol-3-phospho-
ethanolamine-N-[methoxy (polyethylene glycol)-2000])
ammonium salt PLGA-DSPE-PEG hybrid NPs is effective
against glioblastoma.

[138]

Evaluation of targeted curcumin (CUR)
loaded PLGA nanoparticles for in vitro
photodynamic therapy on human
glioblastoma cell line

Enhancement of the photodynamic efficiency of curcumin
(CUR) on glioblastoma tumor cells.
MAb-CUR-PLGA NPs exhibit more effective photodynamic
toxicity (56% vs. 24%) on the DKMG/EGFRvIII cells.
Anti-EGFRvIII MAb-CUR-PLGA NPs have the potential as
targeted drug delivery system for PDT in the overexpressed
EGFRvIII tumor cells.

[139]

Preparation of curcumin-loaded PLGA
nanoparticles and investigation of its
cytotoxicity effects on human glioblastoma
U87MG cells

CUR-PLGA-NPs have high cytotoxicity effects compared to
free CUR in U87MG cell line.
Half maximal inhibitory concentration (IC50) after cell
incubation for 72 h was 57.99 and 32.90 mg/mL for free CUR
and CUR-PLGA-NPs, respectively.

[140]
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TABLE 28.1 PLGA/curcumin nanoformulations for the treatment of different cancers and their
outcome.dcont’d

PLGA/curcumin nanoformulations for
the treatment of different cancers
(publication titles) Outcome References

Skin cancer

Fabrication of nanopatterned PLGA films
of curcumin and TPGS for skin cancer

Curcumin-loaded tocopherol polyethylene glycol 1000
succinate stabilized poly(lactic-co-glycolic acid)
nanopatterned films (CTP-NPFs) show good in vitro
cytotoxicity toward human skin cancer cell line (A431) when
compared to that of unpatterned films.
CTP-NPFs effectively reduce the progression of cancer cells in
vivo, in the skin carcinogenesis.
Nanopatterned films can be used as an alternate treatment for
skin cancer.

[146]

Effects of nano-encapsulated curcumin-
chrysin on telomerase, MMPs and TIMPs
gene expression in mouse B16F10
melanoma tumor model

Nano-combination of curcumin and chrysin into PLGA NPs
with a one-step fabricated codelivery system may be a
promising and convenient approach to improve their
efficiency in melanoma cancer therapy.

[147]

Liver cancer

Formulation, characterization and
evaluation of curcumin-loaded PLGA-
TPGS nanoparticles for liver cancer
treatment

Curcumin-loaded (PLGA/TPGS) NPs successfully
internalized by HepG2 cells play a synergistic role in
inhibiting the growth of hepatocellular carcinoma cells.
Curcumin-loaded (PLGA/TPGS) NPs provide a promising
platform for the treatment of liver cancer.

[151]

Studying the effect of physically adsorbed
coating polymers on the cytotoxic activity
of optimized bisdemethoxycurcumin
loaded-PLGA nanoparticles

Study on the effect of different physically adsorbed coating,
using PEG 4000, Tween 80, and Pluronic F68 to impart a
hydrophilic stealth character to the surface.
Physically adsorbed coating polymers on the cytotoxic
activity of optimized bisdemethoxycurcumin (BDMC)-loaded
PLGA NPs were investigated.
Coated NPs show the highest inhibition of malignant cells
viability.

[152]

Curcumin-loaded poly(L-lactide-co-
glycolide) microbubble-mediated sono-
photodynamic therapy in liver cancer cells

CUR-PLGA MBs are spheres with smooth surface and an
average size of 3.7 mm.
Drug entrapment efficiency and drug-loading capacity were
74.29 � 2.60% and 17.14 � 0.60%, respectively.
CUR-PLGA MBs have good biocompatibility with normal
L02 cells and were almost noncytotoxic to HepG2 cells.
Potential mechanism was related to the mitochondrial
membrane potential loss and increased production of
intracellular reactive oxygen species.

[153]

Erythrocyte membrane cloaked curcumin-
loaded nanoparticles for enhanced
chemotherapy

RBCM-p-PLGA@Cur NPs possess potent antitumor activity
in a murine H22 xenograft cancer model in terms of reduced
tumor volume and mass, as well as inducing apoptosis of
tumor cells, and have no observable systemic toxicity.

[154]
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TABLE 28.1 PLGA/curcumin nanoformulations for the treatment of different cancers and their
outcome.dcont’d

PLGA/curcumin nanoformulations for
the treatment of different cancers
(publication titles) Outcome References

Prostate cancer

Impregnation of curcumin into a
biodegradable (poly-lactic-co-glycolic acid,
PLGA) support, to transfer its well-known
in vitro effect to an in vivo prostate cancer
model

Curcumin-impregnated PLGA is significantly more active
(approximately twofold increase) with respect to oral
curcumin, which supports its use for subcutaneous
administration for prostate cancer (PCa) therapy.
A suitable approach for solid pancreatic tumors due to well
tolerated in loco-regional application.

[159]

Anticancer activity of curcumin loaded
PLGA nanoparticles on PC3 prostate
cancer cells

Investigation of the toxic effect of encapsulation of Cur in
PLGA (poly lactic-co-glycolic acid) nanospheres (NCur) on
PC3 human cancer prostate cell.
NCur has considerable cytotoxic activity more than that of
Cur on PC3 cell lines, which is mediated by induction of both
apoptotic and autophagic processes.
High potential as an adjuvant therapy for clinical application
in prostate cancer.

[160]

Optimization and scale up of microfluidic
nanolipomer production method for
preclinical and potential clinical trials

PLGA polymer concentration of 10 mg/mL and a DSPE-PEG
lipid concentration of 10% w/v provided optimal size, PDI,
and stability.
High encapsulation efficiency of 58.8% and drug loading of
4.4% were achieved at 7.5% w/w initial concentration of
curcumin/PLGA polymer.
The process of developing nanolipomers using high-flow
microfluidic system with optimal characteristics is significant
as the same optimized parameters used for small batches
could be translated into manufacturing large-scale batches for
clinical trials through parallel flow systems.

[161]

Pancreatic cancer

Evaluation of curcumin loaded chitosan/
PEG blended PLGA nanoparticles for
effective treatment of pancreatic cancer

Curcumin-loaded poly(D,L-lactide-co-glycolide) (PLGA) NPs
and surface coated with chitosan and PEG (CNPs) to achieve
optimum therapeutic effect.
Superior cytotoxicity, enhanced antimigratory, anti-invasive,
and apoptosis-inducing ability of CNPs in metastatic
pancreatic cancers.

[166]

Formulation, characterization and
evaluation of curcumin loaded PLGA
nanospheres for cancer therapy

Curcumin loaded PLGA nanospheres exert more pronounced
effect on the cancer cells as compared to free curcumin.

[28]

Colorectal cancer

Co-delivery of curcumin and chrysin by
polymeric nanoparticles inhibit
synergistically growth and hTERT gene
expression in human colorectal cancer cells

Curcumin (Cur) and Chrysin (Chr) co-encapsulated in
PEGylated PLGA NPs (CureChrePLGA/PEG NPs) exhibit
synergistic antiproliferative effect and arrest the growth of
cancer cells significantly.

[169]

(Continued)
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5.2.1 Breast cancer

Breast cancer is the most threatening and commonly diagnosed cancer, and it is respon-
sible for 25% of all cancer cases and 15% of all cancer deaths among females across the
globe.90 The existing chemotherapies or radiotherapy has shown limited to moderate success
in breast cancer.91 However, among all breast cancers, triple-negative breast cancer (TNBC) is
the most aggressive, metastatic, and hardest to treat due to nonresponsiveness to hormone-
dependent therapies or therapies which target (human epidermal growth factor) HER-2 re-
ceptors.92 Receptors overexpressed in breast tumor cells, such as human epidermal growth
factor receptor-2 (HER2), EGFR, vascular endothelial growth factor receptor (VEGFR), and
insulin elike growth factor I receptor, are being targeted using specific ligands/drugs.
This approach is being utilized in formulating targeted nanoparticles systems for drug
delivery.

Paolo Verderio et al. have developed curcumin-loaded PLGA nanovectors which result in
the PLGA nanoformulation and curcumin drug release inside the cytoplasm of MCF7 breast
cancer cells leading to a controlled inhibition of cell proliferation induced by curcumin-
triggered cycle arrest.93 Jin et al. have demonstrated94 that the anticancer effect of free Cur
on primary tumor burden can be enhanced through its delivery bound to target PLGA-
PEG NPs. In vitro data suggest that the addition of EGFR-targeting GE11 peptides to Cur-
NPs can substantially enhance the delivery of Cur to EGFR-expressing tumor cells and
subsequently improve both the inhibition of PI3K signaling and the level of apoptotic tumor
cell death. The rapid accumulation of Cur in MCF-7 cells following its delivery in the form
GE11-Cur-NPs suggests that Cur uptake occurs via active receptor-mediated endocytosis
as well as passive uptake through the cell membrane in vitro. It follows that such drug de-
livery strategies could therefore be used to enhance the impact of clinically approved breast
cancer therapies (e.g., cyclophosphamine). Their findings support the development of novel
drug delivery strategies that enhance the delivery of anticancer agents to tumor tissue; this

TABLE 28.1 PLGA/curcumin nanoformulations for the treatment of different cancers and their
outcome.dcont’d

PLGA/curcumin nanoformulations for
the treatment of different cancers
(publication titles) Outcome References

Nanocombinational application of the natural herbal
substances with a one-step fabricated codelivery system for
effective colorectal cancer combinational chemotherapy.
CureChrePLGA/PEG NPs decline hTERT expression in all
concentration (P < .05).

Epithelial cell adhesion molecule aptamer
functionalized PLGA-lecithin-curcumin-
PEG nanoparticles for targeted drug
delivery to human colorectal
adenocarcinoma cells

Apt-CUR NPs demonstrate superior antiproliferation activity
in HT29 colon cells than that of free CUR at the same
concentration.
They exhibit a stronger cytotoxic effect in EpCAM + HT29
cells when compared to that of EpCAM-HEK293T cells.

[170]

28. Polymeric nanoparticles for biomedical applications670

IV. Biomedical applications of nanomaterials



could be achieved by targeting specific tumor cell receptors (in breast cancer and other cancer
types) and by using cell-specific peptides or membranes possibly following tumor sensitiza-
tion. Although the Cur-loaded NPs seem nontoxic in tumor-bearing mice (as evidenced by
the absence of visible side-effects, animal lethality, and change in circulating inflammatory
cytokines vs. healthy mice), full dose-dependent toxicology studies in humans are lacking.
It is encouraging, however, that free Cur as well as these types of NPs are well-tolerated
in cancer patients.94 Zhe Yanga et al., have synthesized a hyaluronic acid lipoid by conju-
gating n-hexadecylamine (HDA) to the carboxyl group of hyaluronic acid (HA), which can
be attached to the surface of hydrophobic PLGA nanoparticle cores via the hexadecyl anchors
to construct a bCSC (breast cancer stem cell)-targeting vehicle with core-shell structure for
codelivering PTX(Paclitaxel) and CUR(curcumin) (Fig. 28.8A). Through the targeting capacity
of HA layer, the formed HA-Hybrid NPs could effectively accumulate in tumors and asso-
ciate with bCSCs. Additionally, the PTX- and CUR-loaded HA-Hybrid NPs not only
inhibited the proliferation and migration of breast cancer cells in vitro but also effectively
enhanced the efficacy of breast tumor growth suppression by simultaneously eliminating
the non-bCSCs and bCSCs.95

Curcumin (CUR) and Gemcitabine (GEM) coencapsulated PLGA nanoparticles (CGNPs)
were fabricated and evaluated in terms of particle size, zeta potential, drug encapsulation,
and release. CGNPs were fabricated with folic acid (FCGNPs) to actively target tumors over-
expressing folate receptors. The cellular uptake and cytotoxicity were evaluated on both
folate positive MDA-MB-231 and MCF-7 cell lines, out of which MDA-MB-231 gave a better
response. Apoptosis assay and cell cycle damage also increased in MDA-MB-231 cell lines

FIGURE 28.8 (A) Schematic illustration of composition/structure of the HA-Hybrid NPs, and their binding to
CD44 on breast cancer stem cells (bCSCs). (B) The SEM image and (C) TEM image of the HA-Hybrid NPs. (D) the
particle size distribution of the HA-Hybrid NPs incubated in PBS (pH ¼ 7.4, 0.01M) containing 10% FBS at different
time intervals.
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after treatment with FCGNPs. In vivo tumor accumulation and antitumor effect were
observed on the MDA-MB-231 xenografts in nude mice. It is expected that CGNPs decorated
with folic acid, that is, FCGNPs will be a novel codelivery system to overcome drug resis-
tance and toxicity and to enhance the therapeutic efficacy of GEM in folate positive tumors.
Folate conjugated single (CUR/GEM) and dual (CUR þ GEM) drug-loaded nanoformula-
tions were prepared and evaluated for P-glycoprotein-1 (pgy-1) gene resistance, followed
by in vitro cellular uptake and cytotoxicity assay in cells.96 Ankita et al. have developed a
combination strategy for inhibiting the Hh/Gli-EGFR signaling pathway in heterogeneous
breast cancer cells by encapsulating a Hh/Gli small molecule antagonist GANT61 and an
EGFR inhibitor curcumin inside PLGA nanoparticles (NPs) as shown in Scheme 28.1. This
dual drug combination of GANT61 and curcumin PLGA NPs could be an exciting approach
in the arsenal of existing anticancer nanomedicine therapies for the treatment and manage-
ment of breast cancer that will kill all the bulk tumor cells and CSCs together by targeting
EGFR and Hh pathway thus minimizing the recurrence of the deadly disease.

The PLGA nanoparticles were prepared for codelivery of methotrexate (MTX) and CUR
and characterized by their particles size, morphology, drug encapsulation efficiencies, release
patterns, cell cytotoxicity, and in vivo efficacy. Altering MTX and CUR quantity leads to par-
ticle size of 142.3 � 4.07 nm with MTX encapsulation efficiency of 71.32 � 7.8% and CUR
encapsulation efficiency of 85.64 � 6.3%. These particles showed significantly higher cytotox-
icity in comparison with free MTX or CUR or even their solo-loaded formulations. The
in vivo results showed the synergic effect of MTX and CUR codelivery on inhibiting the pro-
gression of breast cancer.98 Curcumin encapsulated PLGA microsphere has been designed by

SCHEME 28.1 Therapeutic targeting of heterogeneous breast tumor mass which has an aberrant activation of the
Hedgehog and EGFR signaling pathways by GANT61-curcumin PLGA NPs.97
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simple single emulsion method for mediating the delivery of hydrophobic curcumin to the
triple negative breast cancer cells (TNBC). These microspheres induce DNA damage and per-
turb mitochondria membrane, causing apoptosis mediated cell death. The Western blot
studies reveal upregulation of p27, the negative regulator of cyclin-dependent kinase, and
p-AKT is down regulated which leads to the cellular arrest. For curtailing the cytotoxicity to-
ward normal cells, these microspheres are targeted to cancer cells by conjugating them with
folic acid (PLGA@CCM@FA). The folic acid conjugated PLGA microsphere shows more cyto-
toxic effects toward the TNBCs than the nonconjugated ones. The in vitro results are also
replicated in the in vivo BALB/C mice models. In triple negative breast cancer cell bearing
BALB/C models, the group of mice treated with PLGA@CCM@FA showed more tumor
regression patterns than the other groups.99

A pH-sensitive dual drug-loaded nanoparticle curcumin (CUR) and doxorubicin (DOX)
(CURDOX-NPs) was prepared by using monomethoxy (polyethylene glycol)-b-P (D, L-
lactic-co-glycolic acid)-b-P (L-glutamic acid) (mPEG-PLGA-PGlu) polymer to simultaneously
target the breast cancer stem cells and the differentiated tumor cells. The particle size, surface
potential, morphology and drug-loading capability of CURDOX-NPs were carefully charac-
terized in vitro. The effective antitumor effect of CURDOX-NPs was also confirmed by
in vitro and in vivo. The ability of CURDOX-NPs to kill the heterogeneous tumor cells in tu-
mor tissues was also evaluated in vitro tumor spheroid and in vivo xenograft mice model.100

Fabrication of small positively charged Cur NPs by nanoprecipitation method by using
PLGA as a carrier and hexadecyltrimethylammonium bromide (CTAB) as a surfactant/sur-
face charge modifier, and subsequent characterization of the physicochemical properties,
drug-controlled release, and cellular incorporation of Cur nanoparticles (CN) have been re-
ported and their anticancer potential and underlying mechanism in human TNBC MDA-
MB-23 have been investigated.101 The coencapsulation of Cur and Met in PEGylated PLGA
nanoparticles (NPs) and evaluation of their anticancer effect against human breast cancer
cell line T47D have been reported.102 The efficacy of curcumin-loaded PLGA microparticles
in a transgenic mouse model of HER-2þ breast cancer, Balb-neuT has been examined. The
effect of curcumin treatment on tumor multiplicity, growth and angiogenesis was deter-
mined.103 To develop a uniform curcumin encapsulated PLGA nano-formulation, different
amounts of poly (vinyl alcohol) (PVA)/poly(L-lysine) (PLL) were screened. An optimized
nanoparticle formulation of curcumin (nano-CUR6) exhibited superior cellular uptake, reten-
tion, and release in cancer cells. The anticancer potential of this curcumin nanoparticle formu-
lation was examined in highly metastatic ovarian and breast cancer cells. In addition, effects
of this formulation on molecular pathways associated with apoptosis were investigated. The
antibody conjugation abilities of this nano-formulation for antibody guided delivery of drugs
to cancer cells have also been generated104.

Curcumin-loaded mesoporous silica nanoparticles (CUR@MSNs) were incorporated in
bead-free electrospun PLGA nanofibers with a sustained and extended curcumin release pro-
file. In addition, MCF-7 cells treated with CUR@MSNs/PLGANFs showed enhanced cytotox-
icity and decreased migration as well as increased apoptotic induction.105 The investigations
carried out by the author’s research group at the University of Madras demonstrated that the
bioavailability of curcumin was considerably increased by poly (lactic-co-glycolic) acid [PLGA
(60/40)] nanoparticles with different capping agents such as Chitosan, Dextran and PEG and
emulsifier (Tocopherol Poly (Ethylene Glycol) 1000 Succinate: TPGS) with good drug loading
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and delivery performance. The encapsulation efficiency of curcumin by PLGA NPs with
different capping agents such as Chitosan, PEG, and Dextran and emulsifier lies in the range
of 82%e89%, and the antioxidant activity is 80%.106 Annexin A2 (AnxA2) antibody-
conjugated curcumin loaded poly(lactic-co-glycolic acid) (PLGA) nanoparticles (AnxA2-
CPNP) clearly indicated that the cell-surface expression of AnxA2 increases during breast can-
cer progression with very high expression in highly malignant cancer cells and basal expres-
sion in nonmalignant cells. Cell viability, plasmin generation, and wound healing assays
reveal that AnxA2-CPNPs effectively inhibited cell proliferation, invasion, and migration,
key elements for cancer growth and metastasis.107

5.2.2 Blood cancer

Leukemia is a clonal disorder originated in the bone marrow during hematopoiesis and is
characterized by the unregulated proliferation of poorly differentiated white blood cells.
Classification of the disease is based on the type of cell affected (myeloid or lymphoid)
and the degree of cell proliferation (acute or chronic) (epigenetics of hematopoiesis and hema-
tological malignancies).108 In 2020, approximately 60,530 estimated new cases of leukemia
and 23,100 estimated deaths will occur in the United States.109 Chronic myeloid leukemia
(CML) is a good example of how hematological diseases have greatly benefited from the
advance of cytogenetic and molecular methodologies. It was the first cancer in which a
unique causative chromosomal abnormality was identified, t(9; 22) (q34; q11)dPhiladelphia
chromosome (Ph)dand the associated BCR-ABL1 gene, providing a specific target for disease
treatment110e112. Tyrosine kinase inhibitors (TKIs) target the dysregulated kinase activity of
the fusion protein encoded by BCR-ABL1 (Imatinib discontinuation in chronic myeloid leu-
kemia patients with undetectable BCR-ABL transcript level).

The coadministration of DOX and CUR in PLGA NPs can promote the cytotoxicity by both
the drugs in vitro in leukemic cells. It increased the therapeutic concentration of DOX inside
the nucleus, by inhibition of nuclear efflux of DOX by CUR in K562 cells. Moreover, CUR
helps in downregulation of both MDR1 and BCL-2 expression helping in stimulation of
further cell death induced by DOX in K562 cells. Both the drugs combined induced a number
of apoptotic pathways, leading to higher expression of a number of apoptotic proteins. RT-
PCR results illustrate that the synergistic effect of both the drugs on apoptosis induction
may help in downregulation of bcr/abl gene in K562 cells. Thus, DOX and CUR exhibited
a synergistic inhibitory effect on the cell growth of K562, which may provide combinatorial
strategies in cancer therapy.113 Mandy et al. have demonstrated size tuneable synthesis of
Cur-PLGA NP by microfluidic hydrodynamic flow method. The resulting Cur-PLGA NPs
are less than 100 nm in diameter with a narrow size distribution and excellent colloidal sta-
bility. Cur- PLGA NPs significantly inhibit the degradation of curcumin with the rate of
degradation of 1.1 � 0:4% h-1. Microfluidic synthesized Cur-PLGA NP is a nontoxic and
effective delivery system for curcumin, in particular, it enhances anticancer activity of curcu-
min against leukemia Jurkat cells compared to native curcumin.114

5.2.3 Colon cancer

Colon cancer, the third-most common malignant tumor, is associated with high mortality,
accounting for more than 1.4 million new cases and over half a million deaths worldwide
annually.115 Current therapeutic approaches for colon cancer treatment include surgery,
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chemotherapy, and radiotherapy. Of these modalities, chemotherapy is the most effective
method.116 Curcumin-loaded PLGA NPs were successfully prepared and coated with chito-
san, WGA (wheat germ agglutinin) and GE11(a dodeca peptide) to yield drug carriers for
ameliorating curcumin delivery to HT-29 colon cancer cells.117 Stability studies revealed a
good colloidal stability of the coated curcumin-loaded PLGA NPs (C-PLGA NPs) formula-
tions in synthetic gastrointestinal fluids. The NP interactions and cell uptake were studied
by means of QCM combined with SLBs and SPR combined with living cells. The QCM
and SPR techniques in combination with biomimetic sensing layers were found to be success-
ful tools to investigate the targeting properties of NPs. These innovative techniques allowed
in fact for elucidating a few aspects of NP/cell interactions and uptake providing for the cor-
relation between the nature of the coating and the cell selectivity. The results showed that CS-
coated CPLGA NPs can interact with the cells by nonspecific electrostatic mechanisms, while
WGA- and GE11-coated CPLGA NPs mediate active recognition of specific cell targets.

Cationic PLGA NPs were employed as carriers to codeliver CPT (camptothecin) and CUR
for colon cancer combination chemotherapy.118 The resultant NPs had desirable diameters
and size distribution, and a slightly positive zeta-potential. Studies on drug release and
cellular uptake of this codelivery system showed that both drugs were effectively taken up
by cells and released simultaneously. Cationic CPT/CUR-NPs exhibited clear synergistic ef-
fects against Colon-26 cells. Furthermore, these synergistic effects depended on drug ratios,
with NPs with a CPT/CUR ratio of 4: 1 showing the highest anticancer activity toward
Colon-26 cells. These studies unambiguously demonstrate that dual-drug-loaded NPs act
in a synergistic manner to effectively reduce the dose of drug required.

The nanofibers of poly(lactide-glycolide)/chitosan loaded with curcumin (PLGA/CS/Cur)
was developed by electrospinning technique for controlled cur delivery. At pH 7.4, the
release followed Fickian diffusion mechanism; while at pH 2.0, the release followed the coex-
istence of diffusion and erosion mechanisms. The amount of Cur released at pH 2.0 was much
higher than that at pH 7.4. Hence, the nanofibers exhibited higher anticancer activity at acidic
environment and have the potential as a pH responsive vehicle for the controlled drug deliv-
ery.119 Indole-incorporated curcumin analogue and curcumin loaded PLGA nanoparticles
were synthesized by solvent evaporation. technique.

The nanoparticle treatment against human colon cancer cell line SW480 triggered nuclear
fragmentation, cell cycle blockade, inhibition of apoptosis and metastatic biomarkers. These
drug-loaded nanoparticles may be potent nano-formulations against colon cancer because of
its ability to tolerate extreme pH environments, thus having potential of oral drug-
delivery.120 PLGA colloidal particles stabilized by complexes of two oppositely charged poly-
saccharides, chitosan (cationic, CS) and sodium CM-cellulose (anionic, NaCMC), displayed
pH-dependent characteristic. The CS/NaCMC-covered-PLGA particles loaded with curcu-
min showed delayed release in mildly acidic conditions and faster release in neutral and basic
conditions. Cytotoxicity experiments were carried out with human colorectal carcinoma
cells.121 The properties of the optimized curcumin loaded PLGA nanoparticles predicted
by the 23 factorial design approach correlated very well with the experimental determina-
tions. In vitro cellular uptake studies with HT-29 cells showed that the optimized
curcumin-loaded PLGA nanoparticle exhibited a much higher cellular uptake of curcumin
(i.e., 7.01 � 0.33 mg/106 cells) than a native curcumin soln. (3.74 � 0.56 mg/106 cells).122

Poly (lactic-co-glycolic acid) (PLGA)dbased polymeric oil-cored nanocapsules (NCs) for
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curcumin loading and delivery to colon cancer in mice after systemic injection. Formulations
of different oil compositions are prepared and characterized for their curcumin loading,
physico-chemical properties, and shelf-life stability. The results indicate that castor oil-
cored PLGA-based NC achieves high drug loading efficiency (z18% w(drug)/w(polymer)%)
compared to previously reported NCs. Curcumin-loaded NCs internalize more efficiently in
CT26 cells than the free drug, and exert therapeutic activity in vitro, leading to apoptosis and
blocking the cell cycle.123

5.2.4 Lung cancer

Lung cancer is an aggressive deadly disease worldwide. As a leading cancer type, the
global incidence of lung cancer is rising by 0.5% per year, and the mortality from lung cancer
is expected124 to be over 50% by 2020. Thus, there are urgent needs to exploit new specific
drugs or novel therapeutic methods for lung cancer treatment. It has been well established
that tumor growth, including lung cancer, is critically dependent on angiogenesis for nutri-
ents and oxygen supply. Therefore, antiangiogenesis has been regarded as a promising ther-
apeutic strategy for clinical therapy of cancer.125,126 PLGA microspheres (MS) showed an
optimizing potential as a long-term delivery system. The cytotoxicity of the human dermal
microvascular endothelial cells (HMEC-1) was significantly increased by ASeCurePLGA-
Ms. Furthermore, codelivery of angiostatin (As) and curcumin (Cur) by PLGA Ms signifi-
cantly inhibited the tumor growth in vivo.127 Poly (N-isopropylacrylamide-co-methacrylic
acid) (PNIPAAm-MAA) is one of the hydrogel copolymers utilized in the drug delivery sys-
tem for cancer therapy. Roointan et al. have reported two nanocarriers Poly (lactic-co-glycolic
acid)-Polyethylene glycol (PLGA-PEG) and N-Isopropylacrylamide-methacrylic acid
(NIPAAm-MAA) in delivery of curcumin and also in levels of human telomerase reverse
transcriptase (hTERT) silencing in lung cancer cell line (calu-6). Telomerase reverse transcrip-
tase (abbreviated to TERT, or hTERT in humans) is a catalytic subunit of the enzyme telome-
rase. The MTT results demonstrated that the IC50 values of curcumin loaded nanocarriers
were in lower concentrations than free curcumin. The hTERT expression levels were
decreased by curcumin loaded PLGA-PEG more than curcumin loaded NIPAAm-MAA
and free curcumin. The curcumin loaded PLGA-PEG can be a useful nano-based carrier for
delivery of anticancer agents such as curcumin to fight lung cancer.128

Curcumin-loaded PLGA-PEG-Fe3O4 nanoparticles and comprise the effects of pure curcu-
min and curcumin-nanomagnetic encapsulated in PLGA-PEG on cell cytotoxicity and hTERT
gene expression in A549 lung cancer cell line. IC50 of pure curcumin and nano-encapsulated
curcumin during 24, 48, and 72 h was obtained as 50.5, 49.1, and 48.3 mM and 23.7, 13.6, and
7.3 mM, resp. Moreover, nano-encapsulated curcumin showed time-dependent cytotoxic ef-
fect on A549 cell line during 24, 48, 72 h in comparison with pure curcumin.129

5.2.5 Ovarian cancer

Ovarian cancer is one of the most dismal malignancies in women.130 The principal site of
which remains the peritoneal cavity. An effective approach of therapeutic strategies includes
cytoreductive surgery followed by chemotherapies.131 IP (intraperitoneal) delivery of these
chemotherapeutics might provide the possibility to accumulate high concentration at the tu-
mor site within the peritoneum for prolonged time. Dual et al. exploited curcumin-loaded
biodegradable PLGA nanoparticles (CUR-NP) for photodynamic therapy using a custom
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manufactured prototype low power LED device. CUR-NPs exhibit better physicochemical
properties compared to free curcumin, such as improved serum stability. Furthermore, hemo-
compatibility of curcumin was improved through polymeric encapsulation, minimizing the
risk of hemorrhages in patients. Curcumin, which elsewise is safe for normal cells, showed
cytotoxic effects on tumor cells upon irradiation at a low intensity therefore selectively inhib-
iting tumor growth. Since production of ROS (Reactive oxygen species) occurs only upon
irradiation of the intracellular photosensitizer, tumor tissues can be targeted with precision.
Using LED as an irradiation source offers several advantages such as portability, durability,
and economical compared to lasers. Moreover, LED’s can irradiate a relatively larger area,
which could be beneficial for the treatment of large tumors or even skin cancer.132

Dwivedi et al. have established a novel liquid-driven coflow focusing (LDCF) process to
fabricate curcumin (CUR)-loaded poly (lactic-co-glycolic acid) (PLGA) microparticles
(CPMs). The LDCF-CPMs reveal the physiochemical stability with sustained release profile
corresponding to 95% CUR release over a period of 14 days in an in vitro release medium.
Moreover, LDCF-CPMs were testified for cytotoxicity against SKOV-3 ovarian cancer cell
lines and peritoneal delivery advantages by animal experiments. The pharmacokinetics of
LDCF-CPMs in rats following IP injection shows slow systemic absorption with mean resi-
dence time (MRT) of 13.54 h in comparison with 9.82 and 6.74 h for single emulsion SE-
CPMs and free CUR, respectively. In addition, IP delivery of CUR can expose the ovarian tu-
mor to higher concentration for a longer duration by programming the thickness of the shell.
The study provides compelling evidence for LDCF-CPMs having high therapeutic opportu-
nity in the treatment of peritoneal cancers, such as ovarian, that reside in the peritoneal cav-
ity.133 Zeng et al. have evaluated the efficacy of paclitaxel combined with curcumin (CUR)
against drug resistance in ovarian cancer cells. PLGA-phospholipid-PEG nanoparticles
were prepared using the nano precipitation method. Adrenomedullin (ADM), an auto-
crine/paracrine factor produced by both stromal cells and cancer cells, was used to induce
the A2780 cell line (human ovarian cancer cell line) to establish the model of the multidrug
resistance (MDR) cell line, and the protein activity of P-glycoprotein (P-gp) in the A2780
cell line and A2780/ADM resistant cell line was determined using Western blot analysis.
The prepared nanoparticles were uniform in size (100 nm), and round in shape. The results
of the protein trace printing experiment showed that the P-gp content of the drug-resistant
cell line was significantly reduced by the CUR nanoparticles. PLGA-phospholipid nanopar-
ticles containing Taxol and CUR have improved solubility and stability together with a
slow-release effect. In addition, CUR was able to overcome the MDR of tumor cells by
elevating the paclitaxel concentration in the tumor cells to improve the antitumor activity
of this combination.134

5.2.6 Cervical cancer

Cervical cancer is the second most common cancer and the largest cancer killer among
women in most developing countries including India. Although various drugs have been
developed for cervical cancer, treatment with these drugs often results in a number of unde-
sirable side effects, toxicity, and multidrug resistance (MDR). Also, the outcomes for cervical
cancer patients remain poor after surgery and chemo radiation. Jisha et al. have reported that
curcumin entrapped nanoparticles of PLGAePEG copolymer which were conjugated with
folic acid (PPF copolymer) for site specific targeting exhibit enhanced anticancer activity,
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since many cancer cells exhibit external folic acid binding receptors. In vitro release kinetics
measurements of the drug from the nanoparticles showed a controlled release pattern up to
5 days. The MTT assay depicted a high amount of cytotoxicity of PPF nanocurcumin in HeLa
cells. Cellular uptake studies demonstrated the efficacy of surface engineering with folate
over free nanoparticles. The AO/EB staining, DAPI staining, and clonogenic assay (in vitro
cell survival assay based on the ability of a single cell to grow into a colony) of the nanopar-
ticles confirm the efficacy and mechanism by which the cytotoxicity was induced.135 Mohd
et al. have reported poly(lactic-co-glycolic acid)-based curcumin nanoparticle formulation
(Nano-CUR) is compared to free CUR. Nano-CUR effectively inhibits cell growth, induces
apoptosis, and arrests the cell cycle in cervical cancer cell lines. Nano-CUR treatment modu-
lated the entities such as miRNAs, transcription factors and proteins associated with carcino-
genesis. Moreover, Nano-CUR effectively reduced the tumor burden in a preclinical
orthotopic mouse model of cervical cancer by decreasing oncogenic miRNA-21, suppressing
nuclear b-catenin and abrogating expression of E6/E7 HPV oncoproteins including smoking
compound benzo[a]pyrene (BaP) induced E6/E7 and IL-6 expression. These superior preclin-
ical data suggest that nano-CUR may be an effective therapeutic modality for cervical
cancer136(Fig. 28.9).

Ayyanar et al. have synthesized the biodegradable PLGA microspheres (MS) containing
magnetic iron oxide nanoparticles (MIONPs) with curcumin by the emulsion solvent evapo-
ration method. The curcumin drug release profiles resulted that the MMS have a pH-induced
drug-releasing asset with a cumulative drug releasing efficiency of 73.25%. The microspheres
have cytotoxicity against HeLa cell lines with a significant potency that is promising for tar-
geted chemotherapeutic applications.137

5.2.7 Brain cancer

Malignant brain cancer treatment is limited by a number of constraints, including the
bloodebrain barrier, transport within the brain interstitium, difficulties in delivering thera-
peutics specifically to tumor cells, the highly invasive quality of gliomas, and drug resistance.
As a result, the prognosis for patients with high-grade gliomas is poor and has improved little
in recent years. Nanomedicine approaches have been developed in the laboratory, with some
technologies being translated to the clinic, in order to address these issues.

Significant cytotoxicity on RG2(rat glioma-2 tumor model) cells by curcumin-loaded PLGA-
DSPE-PEG [ poly(lactic-co-glycolic acid)-1,2-distearoyl-glycerol-3-phospho-ethanolamine-N-
[methoxy (polyethylene glycol)-2000] ammonium salt] nanoparticles have been reported.
Intratumoral applications of curcumin alone and curcumin-loaded nanoparticles both
decrease tumor size (from66.6 � 44.6 to 34.9 � 21.7mm3, P ¼ .028), but curcumin-loaded
nanoparticles were more effective in reduction of tumor size than intratumoral curcumin in-
jection alone Clinical studies should also be implemented for common use of curcumin-
loaded PLGADSPE-PEG nanoparticles in the treatment of glioblastoma patients in clinical
practice.138

Jamali et al. have reported that antibody conjugated biodegradable PLGA nanoparticles
were developed to enhance the photodynamic efficiency of curcumin (CUR) on glioblastoma
tumor cells. The effect of monoclonal antibody (MAb) on the tyrosine phosphorylation of
EGFRvIII after photodynamic therapy (PDT) was assessed. The immunoreactivity of the anti-
body in MAb-PLGA NPs was preserved during the process of conjugation. The selective
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FIGURE 28.9 Tumor formation in female nude mice by injecting four million CaSki cells. (AeC) Nano-CUR was
able to reduce the tumor burden by a considerable amount as compared to free CUR. Error bars show SEM; N ¼ 6;
*P < .05. (D) Immunohistochemical (IHC) analysis showed that CUR and Nano-CUR were effective in suppressing
the expression of HPV oncogenic proteins E6 and E7 and cell proliferation marker Ki67 in mice. Original magnifi-
cation 400X.
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cellular internalization of MAb-PLGA NPs (FITC or CUR loaded) into the DKMG/EGFRvIII
cells (EGFRvIII overexpressed human glioblastoma cell line) in comparison with DK-MGlow

(human glioblastoma cell line with low level of EGFRvIII) was also confirmed. MAb-CUR-
PLGA NPs were able to show more effective photodynamic toxicity (56% vs. 24%) on the
DKMG/EGFRvIII cells compared to CUR-PLGA NPs. These results suggest that the anti-
EGFRvIII MAb-CUR-PLGA NPs have potential of targeted drug delivery system for PDT
in the overexpressed EGFRvIII tumor cells.139

Curcumin loaded PLGA nanoparticles (CUR-PLGA-NPs) as a drug delivery system to
overcome the limitation of hydrophobicity of CUR as well as to investigate its toxicity effect
on human glioblastoma U87MG cells compared to free CUR has been reported. The cytotox-
icity studies on U87MG cell line indicated that CUR-PLGA-NPs had high cytotoxicity effects
compared to free CUR. The half maximal inhibitory concentration (IC50) after cell incubation
for 72 h was 57.99 mg/mL and 32.90 mg/mL for free CUR and CUR-PLGA-NPs,
respectively.140

5.2.8 Skin cancer

Cutaneous malignancy is one of the major types of skin cancers that is lethal.141 According
to the World Cancer report, around 30% of cancers diagnosed in the recent past are skin can-
cer.142 Like many other cancers, there are no specific preventive measures for skin cancer.143

There are few drugs available for the treatment of skin cancer, but their toxic side effects on
the vital organs limits their use.144,145 Malathi et al. have developed poly (lactic-co-glycolic
acid) (PLGA) nanopatterned films (NPFs) through poly dimethyl siloxane (PDMS) cast mold-
ing technique and explored its therapeutic efficacy in combination with curcumin and
tocopherol poly (ethylene glycol) 1000 succinate (TPGS). Poly (lactic-co-glycolic) acid nano-
patterned films (CTP-NPFs) showed good in vitro cytotoxicity toward human skin cancer
cell line (A431) when compared to that of unpatterned films. CTP-NPFs effectively reduced
the progression of cancer cells in vivo, in the skin carcinogenesis model in Swiss albino mice
induced by 7, 12-Dimethylbenz[a]anthracene (DMBA)/croton oil.146 Curcumin (Cur) and
Chrysin (Chr), two natural anticancer drugs, coencapsulated in PLGA-PEG nanoparticles
(NPs) showed the highest melanoma tumor growth inhibition was detected for CurChr
NPs, followed by CurChr ¼ Cur NPs > Cur > Chr NP > Chr.147

5.2.9 Liver cancer

Liver is the largest solid organ of the human body and bears some important functions.
The occurrence of malignant liver tumors will lead to life-threatening consequences. Liver
cancer is the sixth most fatal cancer in the world, which is usually treated by surgery.148 Since
most patients are diagnosed at advanced stages, effective nonsurgical treatment, such as sys-
temic chemotherapy, is urgently needed.149 At present, the most active single drugs for liver
cancer include adriamycin, sorafenib, 5-fluorouracil, and cisplatin. However, with a response
rate of only 10%, they have no significant effect on the overall survival rate. This may be due
to the toxicity and poor response resulted from chemoresistance.150 Chen et al. have reported
the preparation of curcumin-loaded (PLGA/TPGS) NPs by emulsification and solvent evap-
oration method. Curcumin-loaded (PLGA/TPGS) NPs could be successfully internalized by
HepG2 cells and play a synergistic role in inhibiting the growth of hepatocellular carcinoma
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cells. They exhibit high target organ accumulation, superior antitumor efficiency, and lower
toxicity in vivo.151

The effect of different physically adsorbed polymer coating (Tween 80, PEG 4000 and Plur-
onic F68) on the cytotoxic activity of optimized bis(dimethoxy)curcumin (BDMC) loaded-
PLGA nanoparticles has been investigated. BDMC-loaded PLGA nanoparticles depend on
the polymer type, polymer concentration and PVA concentration. Coated NPs showed the
highest inhibition of malignant cells viability compared to the uncoated NPs and free
BDMC where the IC50 of Pluronic-F68 coated NPs was 0.54 � 0.01 mg/mL. The augmented
effect against malignant cells poses these particles as a successful cancer remedy.152

Curcumin (CUR) loaded PLGA microbubble(MB) mediated sono-photodynamic therapy
(SPDT) (CUR-PLGA-MB-SPDT) in HepG2 liver cancer cells was reported. Transmission elec-
tron microscopy revealed pyroptosis and apoptosis in the CUR-PLGA-MB-SPDT group; the
potential mechanism was related to the mitochondrial membrane potential loss and increased
production of intracellular reactive oxygen species.153 Curcumin-loaded porous PLGA nano-
particles (NPs) were prepared, and surface modified with red blood cell membranes (RBCM)
to yield biomimetic RBCM-p-PLGA@Cur NPs. In vitro studies showed that drug release from
nonporous PLGA NPs was slow and that much of the drug remained trapped in the NPs.
RBCM-p-PLGA@Cur NPs possess potent antitumor activity in a murine H22 xenograft can-
cer model (in terms of reduced tumor volume and mass, as well as inducing apoptosis of tu-
mor cells) and have no observable systemic toxicity.154

5.2.10 Prostate cancer

Prostate cancer is the most frequently diagnosed cancer and the leading cause of cancer
deaths among males worldwide. The best lines of defense, viz., radiation therapy and chemo-
therapy are unsatisfactory due to the untoward side effects on healthy cell and the problem of
drug resistance155e158. Gracia et al. have reported that curcumin impregnated PLGA admin-
istered subcutaneously to PCa xenografts shows a clear and robust antitumor effect, with the
bioavailability and controlled release of the curcumin are likely to be responsible for an in-
crease in antitumor responses compared with oral administration.159 The toxic effect of
encapsulation of Cur in PLGA nanospheres (NCur) on PC3 human cancer prostate cell has
been reported. The effects of MTT assays revealed that the NCur at the concentration of
25 mg/mL for 48 h were able to exert a more pronounced effect on the PC3 cells as compared
to free Cur. Apoptotic index was significantly increased in NCur-treated cells compared to
free Cur. The percentage of autophagic cells (LC3- II positive cells) was also significantly
increased in NCur treatment in comparison to free Cur. These data indicate that the NCur
has considerable cytotoxic activity more than Cur on PC3 cell lines, which is mediated by in-
duction of both apoptotic and autophagic processes. Thus, NCur has high potential as an
adjuvant therapy for clinical application in prostate cancer.160

The curcumin loaded nanolipomers (PLGA-DSPE-PEG) were fabricated using a microflui-
dic synthesis method under high flow parameters. Functional assessment of uptake of the
nanolipomers in C4e2B prostate cancer cells showed increased uptake at 24 h. The nano-
lipomer was more effective in the cell viability assay compared to free drug. In vivo retention
in mice of these nanolipomers revealed retention for up to 2 h and were completely cleared
at 24 h.161

5. Cancer 681

IV. Biomedical applications of nanomaterials



5.2.11 Pancreatic cancer

Pancreatic cancer is the fourth most predominant cancer with high patient mortality rate
and the incidence of the disease is approximately equal to the annual deaths.162,163 More than
85% of patients diagnosed are at an advanced tumor stage (either locally spread or metasta-
sized to distant organs) with a median survival of 8e12 months in locally advanced stage and
3e6 months in metastatic stage.164 Thus, metastasis of cancer cells to distant organs is consid-
ered as one of the major causes of therapeutic failure and high incidence of death in pancre-
atic cancer.165 Arya et al. have explored the above approach to formulate curcumin-loaded
Poly D, L-lactide-co-glycolide (PLGA) NPs and further surface coated it with chitosan and
PEG (CNPs) with the anticipation to reduce the limitations associated with native curcumin
delivery for achieving an optimum therapeutic effect. The NPs are of nanometer range having
smooth and spherical surface morphology and with an efficient loading of curcumin. In vitro,
cellular studies revealed superior cytotoxicity, enhanced antimigratory, antiinvasive, and
apoptosis-inducing ability of CNPs in metastatic pancreatic cancer in comparison to a native
counterpart.166 Mukerjee et al. have demonstrated robust intracellular uptake of the curcumin
loaded PLGA nanospheres in the cells. Cell viability studies revealed that the curcumin-
loaded nanospheres were able to exert a more pronounced effect on the cancer cells as
compared to free curcumin.28

5.2.12 Colorectal cancer

Current therapeutic attitudes for colorectal cancer therapy include surgery, chemotherapy,
and radiotherapy. Of these modalities, chemotherapy is the most efficient approach. Howev-
er, application of a single chemotherapeutic agent usually fails to attain appropriate cancer
remission due to the development of drug resistance, heterogeneity of cancer cells, and
adverse effects as a result of high and/or repeated administration.167,168 To overcome these
issues and for better therapeutic effectiveness, combinational chemotherapy has been
approved in clinics as an initial cancer therapy regimen. Copolymers of PLGA/PEG were
employed as carriers to codelivery of Cur and Chr(chrysin) into Caco-2 cells for colorectal
cancer combination chemotherapy. Combinational nanoformulation of CureChr was capable
of killing Caco-2 cancer cells (human epithelial colorectal adenocarcinoma cancer cells.) more
quickly than either treatment alone, thereby potentially this strategy can reduce cytotoxicity
and patient side effects. Moreover, the codelivery of Cur and Chr by PLGA/PEG nanocarrier
suppresses hTERT expression more efficiently relative to the delivery of either Cur or Chr at
the same concentrations, indicating synergism.169 Li et al. have synthesized CUR-NPs
(curcumin-loaded lipid-polymer-lecithin hybrid nanoparticles) and functionalized with ribo-
nucleic acid (RNA) aptamers (Apts) against epithelial cell adhesion molecule (EpCAM) for
targeted delivery to colorectal adenocarcinoma cells. The encapsulation of CUR in Apt-
CUR-NPs resulted in the increased bioavailability of delivered CUR over a period of 24 h
compared to that of free CUR in vivo. These results show that the EpCAM Apt-
functionalized CUR-NPs enhance the targeting and drug delivery of CUR to colorectal cancer
cells.170
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6. Conclusions

We have summarized the recent development and application of PLGA/curcumin nano-
formulations in anticancer therapy. PLGA synthesis, their physicochemical properties, fabri-
cation of PLGA nanoparticles, and curcumin-loaded PLGA nanoparticles are discussed. Their
functional properties toward different cancer types such as breast cancer, blood cancer, colon
cancer, lung cancer, ovarian cancer, cervical cancer, brain tumor, skin cancer, liver cancer
prostate cancer, pancreatic cancer, and colorectal cancer are highlighted.

The drug delivery and therapeutics is one which is complex and continually evolving.
Numerous challenges associated with biomedical applications, whether through drug deliv-
ery or engineering, include but are not limited to an understanding of the cellular environ-
ment, safety, and toxicity issues, scale up for large-scale manufacturing, and cost burdens.
A strategy that addresses most of these concerns would be a boon to drug delivery and
biomedical engineering.

PLGA has been one of the most popular polymers since its approval by the USFDA and
EMA. It represents a unique class of polymers useful in medicine and holds great promise
for future biomedical applications and provides the benefits of a minimally invasive strategic
regenerative medication. It can be invariably tailored to meet the demands of specific thera-
pies and controlled drug deliveries by modifying its lactide/glycolide ratio. Its biodegrad-
ability, biocompatibility, and minimal toxicity make it a safe choice for applications in
bone tissue engineering, cancer therapeutics, vaccine and gene delivery, brain-related disor-
ders, and several other biomedical uses. More detailed studies on the mechanism of action of
the PLGA-based strategies, their functionalities, in vivo evaluation, pharmacokinetic
modeling, biodistribution, and toxicity assessment are required. These findings should be
validated and reproducible in clinical trials. More laboratory leads should find their way
to successful clinical trials and demonstrate therapeutic benefit and proof of efficacy in these
trials.
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Abbreviations

Ar Argon
ATR-ATIR Attenuated Total Reflection Fourier Transform Infrared

Spectroscopy
C3N4 Graphitic
CBNs Carbon Based Nanomaterials
CLP Classification, labeling, and packaging
CNMs Carbon Nanomaterials
CNTs Carbon Nanotubes
Co2(CO)7 Cobalt Carbonyls or W (CO)6: Tungsten Carbonyls
EC European Commission
ELASA Enzyme Linked Immune Sorbent Assay
Es Escherichia
Fe (CO)5 Iron Carbonyls
Fe/C Iron/Carbon
Fe/Co Iron/Cobalt
HA Hyaluronic Acid
He Helium
kHz Kilohertz
Ls Listeria
MBNs Metals-Based Nanomaterials
MBs/MNPs Microbubbles/metal Nanoparticles
MGOTNs Magnetic Graphene Oxide Titanate Nanomaterial
MOFs MetaleOrganic Framework
MWCNTs MultiWalled CNTs
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NA Not Applicable
NDs Nanodiamonds
NIC Normalized Impedance Change
NPs Nanoparticles
NT Nanotechnology
OTA Ochratoxin A
PDMS Polydimethylsiloxane
PEG Polyethylene Glycol
PLGA Copolymer Poly (Lactic-co-Glycolic Acid)
PN Photocatalytic Nanomaterials
QDs Quantum Dots
R&D Research and Development
REACH Restriction of Chemicals
RNP Radical-Containing-Nanoparticles
Sa Salmonella
SERS Silver-coated Microstructured Substrates
SERS Surface-enhanced Raman Scattering
She Shewanella
Shi Shigella
SOD Superoxide Dismutase
SPR Surface Plasmon Resonance
SWCNTs Single-walled CNTs
TiO2 Titanium dioxide
UCNPs Upconverting Nanoparticles
WO3ePt Platinum Tungsten Oxide

1. Introduction

In modern and competitive markets, advanced technologies have influenced food prod-
ucts and food processing industries. Consumers demand fresh, authentic, convenient, and
flavored rich food products. Enhanced shelf life, maintenance of freshness of food, and safety
are important factors that determine competitiveness in this era. Nanotechnology involves
the creation and manipulation of molecules at the nanoscale (1e100 nm).1

Environmental pollutants from the oil industry have been raising great concern over the
years. In this regard, nanoparticles (NPs) have been a crucial and emerging tool for the detec-
tion of pollutants (such as aromatic carbon, polyphenols, or toxic gases) from oil refineries.
Ochratoxin A detection using enzyme-linked immunosorbent assay (ELISA) or chromatic
assay technique consumed more time and money. NPs-based sensors have helped in the
determination of polyphenol, aromatics compounds, or toxic gas concentration at optimal
conditions. In this sensor development, quantum dots and NPs have shown potential for
new generation detection devices with the introduction of innovative sensors used at low-
level contaminant detection based on electrochemical properties.2
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Mycotoxin (ochratoxin A w OTA) produced by Aspergillus or Penicillium species is re-
ported to affect the kidney, liver, and brain of both humans and animals. With advanced
technology, even a trace amount of mycotoxin can be detected using nanoparticles with bio-
sensing functions. A biosensor constitutes a bioreceptor, transducer, signal processor, and
digital display. The bio-receptors in biosensors can be antibodies/nanobodies, peptides,
aptamers/GNases, or MTP. Several nanomaterials with multifaceted properties are reported
to act as receptors such as CNMs, MBs/MNPs, QDs, UCNPs, or MOFs.3

Similar to mycotoxins, pathogenic bacteria cause great losses in agriculture. Virulence is
the ability of any microorganism to contaminate the host and cause disease. Bacterial flagella
contribute to the virulence of pathogenic nature which causes bacterial infection and trans-
mission. Many nanomaterial-based biosensors are developed to detect bacterial infection.
One such example is nanopores with ionic impendence of electrolyte, which are used for
the detection of antibody-pathogen interaction that is monitored by impedance spectra
with analysis of normalized impedance change (NIC at 1 kHz).3,4 This detection method
has estimated the number of E. coli O157: H7 in 10e105 CFU per ml at the detection limit
(10 cfu/ml). While determining the milk quality, this nanopore with hyaluronic acid (HA)
is reported to successfully detect E. coli O157: H7. It is also helpful in detecting nontargeted
bacterial species such as Staphylococcus aureus, Bacillus cereus, or nonpathogenic E. coli DHa
strain.4

Agriculture and food go hand in hand, hence infection in poultry farm animals not only
inflate the mortality rate but also deflate the economy. A portable stand-alone biosensor
can be used as a diagnostic tool in detecting meningitis or in determining/preventing conta-
gious diseases caused by bacteria.5

Technology is a double-edged sword, if not used cautiously can result in a great disaster.
Deliberately or unintentionally, exposure to the toxic affluents may cause an adverse effect on
abiotic and biotic factors which makes up our ecosystem, such as lead depositions in waste-
water and radioactive effluents from the nuclear industry to the water body or the land can
lead to inevitable situations6e8. Nanomaterials can be the answer to be dealt with such
chaotic situations. Magnetic graphene oxide titanate composite nanomaterial (MGOTNs)
are suitable for rapid or effective absorption of Pb2þ ions from wastewater due to their effi-
cient absorption, recyclability, or easy magnetic separation stability for purification of toxic
lead elements from contaminated wastewater.9 Likewise, semiconductor nanosensors with
radioactive like Boron can be used in environmental monitoring by removing uranium
from radioactive wastewater with graphene oxide.10

With the development of nanotechnology, there is a revolution in the field of food, agri-
culture, and the environment due to the introduction of smart and active packaging, nano-
sensors, nanopesticides or nanofertilizers, which helped in improving food quality,
providing quality control, facilitates crop growth, and monitoring the environmental condi-
tion. Further high performance and low toxic nature of nanomaterials can also address the
active fuel development via the application of nanotechnology.7,8 Paramount of regulation
and legislation has regulated the manufacturing, processing, application, or disposal of
nanomaterial, and it needs to put effort into strengthening the public awareness and accep-
tance of novel nanoenabled foods or agriculture products.8 In this chapter, the authors will
discuss recent development in nanomaterials and their synthesis with their application in
different sectors.
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2. Nanomaterials

Multiple sensitive, reliable, and efficient techniques/assays such as enzyme-linked immu-
nosorbent assay (ELISA) and chromatographic analysis are explored meticulously to detect
the target molecules/contaminants/adulterants, but these detection techniques are time-
consuming, require expensive equipment, highly skillful operator or elaborated preparative
steps.5,6

Year-long experimentation and validation have made the scientific community converge
the traditional fields of chemistry, biology, and physics to form a new field known as nano-
technology. Nanotechnology is defined as the systematic study of small sizes of materials
with natural or synthetic origins having properties dependent on the length scale in nanome-
ters (dimensions of 1e100 nm).1,2 Nanotechnology has played a significant role in food, agri-
culture, and the environment. This technology has developed nanoscale materials with a
controlled delivery system, improved food quality, and safety, facilitated the detection of
environmental contaminants, and provides crop safety with the assurance of betterment of
human life and development of the economy by holding on to the value of sustainable
development.11

With the advent of recombinant DNA technology which relies on molecular biology tech-
niques, the problem of world hunger to an extent can be solved by genetic modification in
crops. While nanotechnology has helped in providing future development of more precise
and effective methods which created manipulated food polymers or polymeric assemblies
for improved quality and food safety.11e13 It has helped the creation of novel and précised
defined materials that have promised properties of self-assembly, self-healing, or maintaining
capabilities.1 NPs have exhibited increased sensitivity or selectivity that can be used as sensor
devices for their detection.14e16 Biosensors have shown great potential for accurate, sensitive,
portable, and fast detection in the food industry, textile industry, biomedical industry, and
environmental treatment technologies.3 The addition of nanomaterials to the high-
performance electrochemical sensing platforms can not only be used for the detection of
target molecules but also provides catalytic effect, conductivity, and cytocompatibility.1,2

Owing to their high surface-to-volume ratio, pollutants can easily adsorb to the electrode sur-
face by completing the redox reaction processes.17e19

Globally, Food contamination resulting from a pathogenic microorganism is a severe pub-
lic health issue that results in food-borne diseases which affect human beings every year. One
such causative agent is Escherichia coli. Conventionally, atomic force microscopy is used to
analyze the morphology of flagella of Escherichia coli, or the swarming plate method was
applied for pH-dependent changes in bacterial motility,6,7 as the virulence is caused by bac-
terial flagella. Both of which are costly and laborious techniques. Recently, a simple and rapid
method was developed with commercially available alumina nanoporous membrane con-
taining hyaluronic acid (HA). This membrane has permitted the successful immobilization
of antibodies and thus helps in the detection of harmful E. coli O157: H7.3,4

Nanomaterials can be used extensively in the agriculture sector.19 The potential or capabil-
ities of nanomaterials are involved with the improvement of seed germination and protection
from pathogens or in detecting pesticide residue.18 Nanomaterials with photocatalytic prop-
erties have been reported to attract the attention of emerging resources, utilized in agriculture
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applications. Certain nanomaterials such as biocompatible titanium dioxide (TiO2) with pho-
tocatalytic activity (TiO2-PN) are a model benefit that can address the global environmental
challenges or issues faced by farmers. Under high salinity levels, the incorporation of TiO2
mitigated the deteriorating agronomical trait and elevated antioxidant levels in Dracocepha-
lum moldavica. Application of lower concentrations of TiO2 via roots or leaves of the crops
has been known to positively impact crop performance through stimulating the activity of
various enzymes, elevating chlorophyll content and enhancing photosynthesis, facilitating
increased nutrient uptake, strengthening stress tolerance, and increasing crop yield and
quality.8,9,20,21 Still, many scientific reports have stated the nanotoxicology associated with
the usage of TiO2, hence farmers should be well educated by promoting risk assessment
and innocuous practices of TiO2 nanomaterials.22

The implementation of Nanotechnology in bioremediation has been vastly studied.
Loaded magnetite nanoparticles, such as Magnetic graphene oxide-titanate composites
(MGO-TNs) can reduce secondary pollution via adsorbing pollutants.21,22 Adsorption mech-
anisms of composite nanomaterials are exhibited with ion exchange and surface complexa-
tion processes. And batch adsorption equipment had shown the maximum adsorption
capacity (3.23 � 102 mg/g for Pbþ2) by use of MGO-TNs composite. Further, removal effi-
ciency has retained at 90% after completing six cycles of the adsorption-desorption process.6,9

Radioactive pollutants can be found in wastewater, freshwater, soil, or any ecosystem as
they may cause health issues or irreparable damage to the living system. A highly selective
and sensitive Nano-based sensor such as Gold nanoparticles (e.g., DNAzyme-Gold Nanopar-
ticle), and Silver nanoparticles (citrate-stabilized silver nanoparticles)23 are used to detect ura-
nyl ions. Detection of uranyl ions by different sensors has been discussed intuitively via
understanding the different capabilities of methods of uranyl ion detection.11,20

The release of nanoparticles into the environment should be diligently handled. European
Commission (EC) has provided specific recommendations for nanomaterials, and everything
is precisely mentioned in the EC regulationdREACH (Registration, Evaluation, Authorization,
and Restriction of Chemicals) and CLP (Classification, Labeling, and Packaging). Based on reg-
ulations, nanomaterials can be natural, manufacturedmaterials containing particles in unbound
or aggregates or agglomerate states with 50% or more particle size distribution in the 1-100 nm
range. In specific cases for the environment, health, or competitiveness state, the size distribution
threshold (50% or more value) can be replaced between the 1%e50% range.13,14

Nanomaterials have been vastly studied in the biomedical field such as fluorescent biolog-
ical labels, drug delivery, antigen-antibody detection, forensic cases, regenerative study, tu-
mor biology, separation, and analytical techniques.24 Engineering approaches modified,
and designed nanomaterials, with specific functions, targeted to the medical field. There is
a report available on fullerenes, graphene flakes, and single-wall carbon nanotubes (CNTs)
with an external dimension of 1 nm or below. These nanomaterials can be generated in a nat-
ural state from volcanic, ash, soot from a forest fire, or unintentional byproducts of combus-
tion processes (during welding, diesel engine).16,17 Similarly, Hybrid nanomaterials such as
organiceorganic or organiceinorganic which include lipid polymer, clay-carbon, and
metal-oxide-based nanohybrids are applied for a promised platform for therapeutic due to
their tuning ability through a combination of functional components.17,18 The following sec-
tions will discuss the type of nanomaterials as shown in Fig. 29.1.
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3. Nanomaterials types or categories

3.1 Carbon-based nanomaterial (CBNs)

This nanomaterial is made up of carbon in form of a hollow sphere, ellipsoids, or tubes.
Spherical or ellipsoidal forms of this carbon nonmaterial are known as fullerenes whereas cy-
lindrical form is referred to as nanotubes and all these forms of carbon-based nanomaterials
are shown many potential applications such as improved films or coating, stronger or lighter
materials construction with application in electronics. These materials have exhibited great
versatility due to being chemically combined with other forms of carbon-based

FIGURE 29.1 Nanotechnology approaches for different types of nanoparticles or materials for various sectors.
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nanomaterials. It has shown different ranges of elements for the formation of covalent bonds.
It can exhibit excellent characteristics like high density or high hardness.24

Innumerous studies are carried out by employing carbon-based nanomaterial with a
wide variety of structures for multiple applications. Nanomaterials based on graphene
and CNTs have imparted positive influences on mitigating environmental issues. In this re-
gard, hydrogen photoelectrogenesis processes devices, batteries, clean energy generation
from the oxygen reduction reaction, degradation of organic pollutants, or sensor develop-
ment can be achieved from various applications of carbon-based nanomaterials
(CBNs).15e19,21e25

Magnetic carbon nanocages are created from cheap carbon sources like lignin at low
temperatures by carbonization processes. This developed hybrid carbon-based nano-
material (CBNs) which is stabilized by covalent bond (van Der Waals force) interac-
tions is used as efficient and recycled absorbent materials for the removal of dye
wastes from textile wastewater.23 Detailed study needed to be carried out to evaluate
the application of CBN such as their synthesis or characterization to be implemented in
the vast horizon of technological development with no adverse effects on the
ecosystem.25,26

The carbon shell is reported to protect the iron cores against oxidation responsible for the
high degree of crystallinity. Spherical-shaped Carbon shell encapsulating iron nanoparticles
has superparamagnetic properties which have been applied potentially in drug delivery sys-
tems.26,27 The exhibition of the band gap of carbon and boron nitride double-wall hetero-
nanotubes (C-BN-DWHNTs) with different chirality and sizes and tuning by intertube
distances is reported to have wide medical applications. This material has imposed an electric
field of zig-zag nature with the further possibility of future electronic and electrooptic nano-
device applications.27,28 Advanced CBN as biomimetic materials is utilized as scaffolds for
tissue regeneration.29

Apart from drug delivery, CBN can act as substrates for nerve cell regeneration or active
cell guidance, or as supramolecular architecture for mimicking the extracellular environment
which reduces the inflammatory response in brain implants. CNTs graphene or nanodia-
monds (NDs) are found as highly promising nanomaterials.30

3.1.1 Carbon nanotubes (CNTs)

CNTs are a group of promising nanomaterials with multifaceted properties, because
they are biologically active, spatially designed, and biomimetic.31,32 In 1991, the first
CNTs were developed and reported, these hollow cylinders made of graphene are clas-
sified into single-walled (SWCNTs), double-walled (DWCNTs) or multi-walled
(MWCNTs) layers of graphene. SWCNTs exhibit metallic or semiconductive properties,
which can be altered or modified by external electric fields,33 while MWCNTs exhibit
metallic behavior.

CNTs can be synthesized by three methods: chemical vapor depositions, arc-discharge,
and Laser-ablation method.32 Their electronic properties are dependent mainly on geometric
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parameters (diameters or chiral angles). Diameters of chiral angles are also determined by the
magnitude or direction of the chiral vectors.32,33

3.1.2 Nanodiamonds (NDs)

These are sp3-hybridized carbon nanoparticles (diameter <20 nm) with crystal domains
and diamondoid-like topology, and tetrahedral configuration. Nanodiamonds (NDs) are ver-
satile nanomaterials due to their physio-chemical and mechanical properties such as extreme
hardness, low friction coefficient, high mobility, and thermal conductivity. NDs are chiefly
synthesized from an oxygen-deficient complex mixture of trinitrotoluene and hexogen-like
explosives when detonated in a close chamber process.34,35 NDs are extensively explored
in the biomedical field due to their low cytotoxicity, stable fluorescence, facile functionaliza-
tion, biocompatibility, and other basic properties. It has been widely studied in drug delivery,
bioimaging, and regenerative biology such as biomimetic scaffolds, and as fillers in tissue
engineering.34

3.1.3 Graphene

It is a mono-atomic, two-dimensional, sheet of sp2 hybridized carbon atoms arranged as a
honeycomb lattice. It has been isolated from graphite in 2004.36 Graphene has attained a lot of
attention from the scientific community due to its unique chemical, physical, optical, mag-
netic, thermal, and mechanical properties such as high electron mobility, ambipolar electric
field effect, and ballistic condition of electronic charge carrier.37 Hence, it has been widely
studied in various fields including electronics, energy, catalysis, sensing, and biomedical
fields.38

Graphene is a good example of allotrope carbon and contains a single atomic graphite
layer, which exists in two-dimensional planner sheets. It is mainly made up of nonmetal
but as its properties are similar to semi-conducting metal, it is usually known as quasi-
metal. In graphene nanomaterials, each carbon is covalently bonded (in sp2 hybridized
mode) to form hexagons.39 Each hexagon in the graphene sheet is exhibited to have two pi
electrons in a delocalized form which allows for efficient electricity conduction. The holes
in the structure are reported to transfer photons in an unimpeded form which provides
high thermal conductivity. Graphene in nanoelectronic forms is reported for the fabrication
of high-quality graphene in large volume production.39,40 Different methods are employed
for generating graphene with exfoliation of it by mechanical, chemical, or thermal reduction
with chemical vapor deposition.40,41

3.2 Metals-based nanomaterials (MBNs)

These types of nanomaterials include quantum dots, nanogold, nanosilver, or metal oxides
(titanium dioxide). A quantum dot is a closely packed semiconductor crystal, with a size
ranging from a few nanometers to 100 nanometers. Size changes in quantum dots are re-
ported to modify their optical properties.42 Metal-based nanoparticles (MBPs) are reported
to synthesize from organometallic precursors by using gas phase synthesis via pyrolysis pro-
cesses. MBPs can be incorporated in Biosensor (Fig. 29.2), and can also be used to commer-
cially prepare nanopowder (powder mean sizew 6e100 nm) which has multiple activities.43
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Many numbers of metal-based nanopowders are reported by incorporating metals such as
Fe, Co, Fe/Co alloy, or Fe/C. Mechanism of nanoparticles (NPs) formation to synthesize
nanopowders will influence the experimental parameters that affect the shape, size, distribu-
tion, structures, and chemical or phase composition of oxide carbon or organic coated nano-
particles.44 Metal nanopowder can be used to improve the performance of solid rocket
propellants, as sensors, cosmetic applications, and so on.45,46

3.3 Dendrimers nanomaterial

Generally, dendrimers are synthesized using either a divergent or a convergent method.
By the implementation of either of the method, the resultant will be an outward grown
dendrimer from a multifunctional core molecule. This core molecule reacts with any mono-
mer molecules containing one reactive and two dormant groups, producing a first-
generation dendrimer.47 Their surface has numerous chain ends that can be tailored to
perform specific chemical functions such as catalysis while its core can be used for drug de-
livery applications.5,47,48

As mentioned earlier dendrimers can be synthesized by either convergent or divergent
methods. The divergent approach is a kind of primitive method where gradually building
blocks are added to the arms. It is a time-consuming and exhaustive method. In the conver-
gent method, the synthesis of each branch with requisite sizes is predetermined; hence, it be-
gins with the molecular structure and ultimately ends up with the outermost arm of the final

FIGURE 29.2 Bacterial biosensors with their parameters and value or quantity of detection.
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dendrimer.49,50 Among both the approaches, the convergent approach is preferable due to its
precision with minimal defects and ease in purifying desired product.51 Due to prominent
properties such as multisurface functional groups, polyvalency, self-assembly, and electro-
static interaction with the desired compound, dendrimers can be used for targeted drug de-
livery, as sensors in diagnostic tools, in mitigating environmental pollutants such as
polyamidoamine (PAMAM)-based dendrimer can be used to treat wastewater, removal of
inorganic and organic pollutant, sensing, and capturing CO2 and its conversion.52

3.4 Composites nanomaterials

Fabrication of two nano-sized materials through weak interactions such as van der Waals,
hydrogen bonding, or weak electrostatic interactions, produces composite material.53,54 Some
of the discrete inorganic units of nanocomposite materials are polymer matrixd
discontinuous reinforcement (nonlayered) nanocomposites, metal matrix nanocomposites
(MMNC), and ceramic matrix nanocomposites.54,55 Nanocomposites exhibit a synergistic ef-
fect due to the addition of multiple components of the nanomaterials.55 Hence, these nano-
materials exhibit versatile properties such as a high surface-to-volume ratio for embedding
biomolecules such as biocatalysts, high mechanical strength with prominent electrical con-
ductivity, redox reactivity, and catalytic activity. Nanocomposite materials are investigated
as transducer materials for enzymes-based nanoelectronic devices.56e59 It has been exten-
sively studied in the biomedical field such as imaging, targeted drug delivery, batteries,
gas sensing, and artificial implants.6e9,59 Because they acquiesce to biological functionaliza-
tion, these nanomaterials are also utilized in the detection of cancerous cells10 and host-
pathogen interaction in plants11,58

4. Application of nanoparticles

Versatile nanomaterials are reported to be used as food packaging materials by providing
quality assurance and safety to the food. Nanomaterial used in the development of food-
grade polymers has shown the enhanced or extend shelf life of carbonated beverages as alter-
native glass bottles or expensive cans usages.19 Silver nanoparticles are known for their
antibacterial property, hence can be used in food-grade polymers developed to construct
food cans to prevent bacterial contamination.24 Sensors made of nanoparticles are developed
for direct detection of bacteria in canned food or other contaminants that can report from the
surface of food at the packaging plant.25

Nanosensors can help in the point of packaging testing with the reduction of contamina-
tion from grocery store shelves. Nanoparticles can be used in delivering vitamins or other nu-
trients through food or beverages without any loss in taste or appearance which can be
achieved by encapsulating nutrients that can be easily circulated in blood streams with the
promised rate of elevated nutrient bioabsorption34,38 and Tables 29.1 and 29.2 showed the
application of nanoparticles in biosensors. Nanosensors can also be used to sense analytes
of the ultra-low range such as pesticides, metal ions, and toxic effluents released in water,
soil, and air, and Fig. 29.3 shows the application of bionanoparticles in multiple sectors.
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TABLE 29.1 Detection of microbial strains via biosensor application in various food products.60

Target microbes
Transducer
signal Sensor assembly Bioreceptor Analytes

Sa. typhimurium; Es
coli 0157:H7; Shi.
dysenteriae; Cb. jejuni

Fluorescence NRL array sensor
(fluorescence-based affinity assay)

Antibody, ganglioside
receptors,
oligo-saccharide

Food or
environmental
samples

Sa. enteric; Li.
monocytogens; Es.
coli. O157:H7;

Fluorescence Antibodies linked viabiotin/
avidinton;
optical fibers

Polyclonal antibody for
capture antibody;
fluorescent monoclonal
antibody
oraptamera gainst surface
protein inl

Artificially
contaminated
meat samples

Es. coli. Fluorescence Bioconjugated magnetic beads for
capture fluorescent polymeric
micelles for reporting

Polyclonal anti-E.coli
antibodies

Bacteria in
buffer

Es. coli. Thin-film
optical
interference
spectroscopy

Antibody- functionalized
nanostructure doxidized porous
silicon(PSiO2)

Anti-e.coli polyclonal
antibody

Bacteria in
buffer

Sa. Typhimurium Light
scattering

Immunoagglutination assay using
anti-Salmonella-conjugated
polystyrene microparticles

Anti-salmonella
polyclonal antibody

Liquid from
processed raw
chicken

She. Oneidensis SERS Silver nanoparticles sandwiched by
analyte binding on optical fiber tip

NA Bacteria in
buffer

Es. coli; St. aureus Ba.
subtilis

SPR Long-range SPR aantibodies on
SAM-gold surface/antibody-
functionalized magnetic
nanoparticles

, potato lectin Bacteria in
serum-spiked
buffer

Es, Escherichia; Ls, Listeria; NA, Not applicable; Sa, Salmonella; SERS, Shi, Shigella; Surface-enhanced Raman scattering;
She, Shewanella; SPR, Surface Plasmon resonance.

TABLE 29.2 Nanoparticles application in medical sectors.48

Nanoparticle Function Cell types

Iron oxide nanoparticles Oxidant by nox 4 overexpression Myocardium from mice

RNP Neuroprotective agent due to its ability to
scavenge free radicals

Middle cerebral artery from rats with
cerebral ischemia/reperfusion injury

Redox-polymer
nanotherapeutics

Treatment of the neurodegenerative diseases Brain from senescence-accelerated
mouse prone (SAMP8)

WO3ePt nanoparticles Oxidant. Nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase biomimetic

Tumor cells

Silver nanoparticles Oxidant by increasing nox 4 expression Human umbilical vein endothelial cells

(Continued)
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TABLE 29.2 Nanoparticles application in medical sectors.48dcont’d

Nanoparticle Function Cell types

Silver nanoparticles are
used

Increase of hypertension due to a decrease in
NO levels

Myocardium from rats

PLGA nanoparticles Carrier. Treatment for hypertension Hypertensive rats

Iron oxide, yttrium oxide,
cerium oxide, zinc oxide

Proinflammatory Human vascular endothelial cell line

Nanoparticles based on
polyoxalate

Antioxidant and antiinflammatory Doxorubicin-treated mice heart

Polyketal particles SOD carrier Rat myocardium

Nanoceria Prooxidant. Microvascular dysfunction Arteriola from rats

PEG, polyethylene glycol; PLGA, copolymer poly (lactic-co-glycolic acid); RNP, radical-containing-nanoparticles; SOD, superoxide
dismutase; WO3ePt, platinum tungsten oxide.

FIGURE 29.3 Schematic diagrams for nanomaterials synthesis.
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5. Conclusions

Nanotechnology is opening vast avenues for future development with its precise and effec-
tive methods that can be used in technological advancement by pertaining to sustainability.
Nanomaterials have been created by the exploitation of various natural or synthetic materials
with the dimension of 1e100 nm size. Nanomaterials synthesis is reported by applying top-
down and bottom-up approaches, and it is found in the form of fibers, tubes, and other spe-
cific forms that are used in food processing, medical or pharmaceutical, agricultural sector,
etc. The best yield or productivity of crops can enhance by nanotechnology approaches.
Developed MGO-TNs material has shown hierarchical structure and large surface area
with good adsorption performance, recyclability, or easy magnetic separation stability for pu-
rification of toxic lead elements from contaminated wastewater. Nanomaterials with photo-
catalytic properties have been reported to attract the attention of emerging resources,
utilized in agriculture applications, and currently developed biocompatible titanium dioxide
(TiO2) contained photocatalytic posses nanomaterials (TiO2-PN). Uranium sensors in
different modes have been reported with the rapid development of the nuclear industry
and this sensor has helped in the detection of a series of radioactive pollutants. Detailed
research should be carried out as the full potential in the field of agriculture, food, medicine,
and environmental protection is yet to be comprehended, and hopefully, there will be a
gradual movement from theoretical knowledge toward the application regime by pertaining
to sustainability for the betterment of our planet.
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1. Introduction

Catalysis is an important factor in developing a sustainable world and found a wide range
of applications in different sectors, products, and processes. Catalysis term arises from the
Greek words kata, which means down and lyein means release. During the 16th-17th cen-
turies, different catalytic reactions were carried out, for example, synthesis of vinegar using
ethanol oxidation, formation of soap with fat hydrolysis, dehydration of ethanol to form
diethyl ether, and many other reactions. Haber successfully synthesized ammonia using
iron as a catalyst and received a Nobel Prize in 1919. Paul Sabatier used nickel (Ni) as a cata-
lyst for the hydrogenation of different unsaturated organic compounds and received a Nobel
Prize in 1919.1e3 Catalyst is considered as the backbone of various scientific and industrial
applications, as it is being responsible for the conversion, yield, and selectivity of chemical
transformation and also effectively used in the area of pharmaceuticals, environmental reme-
diation, petro-chemistry, etc. Once the concept of catalysis had been established, the next
question was how the catalyst works.

A catalyst in a chemical reaction increases the rate of the reaction by forming the bond with
reactant molecules and allowing them to react in order to form the desired final product. Af-
ter the product formation, it is detached from the catalyst surface and leaves the catalyst un-
affected and available for the next catalytic process (Fig. 30.1). In other words, the catalyst
process can be described as a cyclic process, initially, it participates in the reaction and is
recovered back in its original form at the end of the cycle.4,5

In a chemical reaction, reactants’ molecules required some activation energy to form prod-
ucts. This activation energy is considered as barrier height for a chemical reaction. The
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reactant molecules have to cross this barrier height in order to form the product molecules. If
the barrier height is large only a few reactant molecules collide with each other and cross the
barrier to form a transition state. Reactant molecules having lower activation energy (Ea)
cannot pass through the transition state and are unable to form the desired product. In the
presence of a catalyst, more reactant molecules are converted into products because the cata-
lyst provides an alternate route for the reaction that requires lower activation energy. The
new route results in bond rearrangements and allows large fractions of reactant molecules
with sufficient energy to pass through the transition state to form product molecules.5,6

Hence catalyst helps to cross the barrier in two or more steps and increases the rate of a re-
action without changing the overall standard Gibbs free energy required for the reaction
(Fig. 30.2).

FIGURE 30.2 Effect of catalyst on the
activation energy of the reaction.

FIGURE 30.1 The schematic diagram
showing how a catalyst works in a
chemical reaction.
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2. Types of catalysts

2.1 Positive and negative catalysts

The chemical spices, which accelerate or speed up the rate of a chemical reaction are
known as positive catalysts. For example, in the decomposition of KClO3 (potassium trioxo-
chlorate), MnO2 (manganese dioxide) acts as a positive catalyst. The positive catalysts found
various applications in chemical industries.

MnO2

2KClO3(s) / 2KCl(s) þ 3O2(g)

There are many different substances that slow down the chemical process. When these
substances are added to the reaction mixture instead of increasing, they retard or inhibit
the reaction rate. These are known as negative catalysts or inhibitors and the process is
known as negative catalysis. For example, the decomposition rate of H2O2 (hydrogen
peroxide) can be retarded by H3PO4 (tetraoxophosphate(V) acid). Also, ethanol solution
(2%) inhibits the oxidation of CHCl3 (trichloromethane) by air.

2.2 Catalytic promoters and inhibitors

There are certain substances thatdonot act as a catalyst but affect the rateof a chemical reaction
by disturbing the catalytic efficiency of the catalyst. For example, Fe is used as a catalyst for
ammonia synthesis in theHaberprocess. The catalytic efficiencyof Fe can be enhanced byadding
a certain amount of Al2O3 andMo. The substances, which accelerate or increase the efficiency of
the catalyst are termed as promoters. However, there are various substances that retarded the ef-
ficiency of the catalysts and are known as inhibitors or catalytic poisons.H2S (Hydrogen sulfide),
As2O3 (arsenic oxide), HCN (hydrogen cyanide) and Hg (mercury) salts work as inhibitors.

2.3 Homogenous and heterogeneous

In the catalysis process, it is a very important as well as challenging task to identify the
active metal species, which is responsible for the catalytic reaction. Based on the solubility
parameters and critical phase of catalyst and reactant, catalysis is conventionally classified
into two categories: Homogeneous and Heterogeneous catalysis.

In Homogeneous catalysis, the catalyst operates or accelerates the reaction process in a
similar phase as that of the reactant molecules. Most of the homogenous catalytic reactions
are carried out in the liquid phase.7e9 There are many catalytic and industrial important re-
actions that involve the use of homogenous catalyst.

(1)Acid catalysis, (2) Esterification, (3) LiquidphasehydrogenationofC]C, (4)ReductionofNO2
toNH2 group, (5) Carbonylations, (6) Polymerization andMetathesis (7) Oxidation andmanymore.

2.3.1 Advantages

• XHomogeneous catalysts are highly active as well as selective toward the formation of
the desired product.

• Reactants and catalysts are in the same phase (liquid) as a result they promote the reac-
tion rate with higher efficiency.
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• Homogeneous catalysts in the liquid phase are easily characterized by different spectros-
copy techniques.

• Homogeneous catalysts are more preferable for exothermic reactions.

2.3.2 Disadvantages

In spite of a large number of catalytic applications, there are also some limitations associ-
ated with homogeneous catalysis.

• Catalytic activity is governed by its reusability. Homogenous catalysts are difficult to
separate from the reaction mixture and recycled for other reactions.

• Homogenous catalysis is highly temperature dependent and exhibited poor activity and
selectivity at a higher temperature.

Heterogeneous catalysis is widely employed for various industrial applications specif-
ically in petrochemicals, pharmaceuticals, and agrochemical industries. In heterogeneous
catalysis, the catalyst operates the reaction in different phases as that of the reactant mole-
cules, and adsorption of reactant molecules takes place on the surface of the catalyst. In the
adsorption process, the gas or liquid phase reactant molecules are stuck to the surface active
sites of the catalyst. Thus, a chemical reaction occurs at the catalyst surface and after
completion of the reaction, the product molecules are desorbed from the catalyst
surface.10e12 Hydrogenation of C]C, C]O, degradation of toxic organic pollutants, and
many other industrially important chemical reactions are carried out using heterogeneous
catalysis.

3. Cocatalysis

The activity of the catalyst can be increased by the addition of a small quantity of second
chemical material called cocatalyst or promoter in cooperative catalysis. Cocatalysts provide
different active sites and reaction paths for surface catalytic reactions. The physicochemical
properties of cocatalyst like structure, and surface area affect the rate and nature of surface
reactions.13,14 Fig. 30.3 shows the effect of cocatalyst in the ammonia synthesis using Haber’s
process. A small amount of Al2O3 on the Fe surface provides a new reaction pathway that
requires the smallest activation energy for N2 dissociation and results in a higher amount
of ammonia formation.

In photochemical reactions, loading metal cocatalysts is the most popular way to increase
the activity of the semiconductor photocatalyst. The cocatalyst deposited on the surface of the
semiconductor effectively binds the reactant molecules and promotes the adsorption of these
molecules on the surface. Cocatalyst act as a sink for photogenerated electron and hole pairs
and improve the photocatalytic efficiency of the semiconductor.15,16 Coinage metals (Ag, Au,
Cu, Pt) are widely used as cocatalysts.17e19 Because of localized surface plasmon resonance
(LSPR), impregnation of these coinage metals on the surface of the semiconductors shifts
the spectral response of photocatalysts in the visible region. Also, depositions of these metals
result in the formation Schottky barrier and retard the recombination rate of photogenerated
electrons and holes, and enhance the charge separation. When a photocatalyst or semicon-
ductor is illuminated with a light source the electrons are excited from the valence band
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(VB) to the corresponding conduction band (CB) of the semiconductor. This results in the for-
mation of photogenerated electrons in the conduction band and holes are generated in the
valence band. The deposited noble metal cocatalyst, entrap the photo-excited electrons
because the Fermi energy level of coinage metal is always lower than the semiconductor.
Thus, the cocatalyst improves the charge separation by hindering the recombination of photo-
generated charge carriers and improves the photocatalytic efficiency of the
semiconductor.20e22 Fig. 30.4 shows the schematic diagram of how a cocatalyst works after
being deposited on the surface of the semiconductor.

3.1 Silica (SBA-15) supported transition metal nanoparticles as a cocatalyst

Mesoporous materials because of their specific morphology and high porosity have
received remarkable attention for biosensor, adsorption, drug delivery, catalytic and photo-
catalytic applications. Among various mesoporous materials, SBA-15 is considered to be a
promising material as it shows a higher specific area, uniform pore size distributions, and

FIGURE 30.3 Effect of cocatalyst on ammonia synthesis reaction.
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high thermal stability. It has been observed that due to lower acidic strength, the pure or
bare SBA-15 shows poor catalytic activity. Different strategies like deposition of metal/
metal oxides, and doping of eNH2, eSH functional groups have been employed in order
to enhance the catalytic activity of SBA-15. The deposition of different metals like Au,
Ag, Pd, and Pt by physical adsorption or chemical adsorption on the surface of SBA-15 is
a promising and widely used approach to increase the catalytic efficiency of SBA-15. How-
ever, for many years, Au was considered to be inert till the exciting discovery made by
Haruta et al.23 and Hutching et al.24 that revolutionized the field of catalysis on Au-
based catalysts. Shu et al.25 prepared a heterogeneous Au catalyst by stirring SBA-15 in a
CH2Cl2 solution of PH3PAuBF4 to form a homogeneous Au complex followed by its reduc-
tion with ascorbic acid to form Au nanoparticles. Ma et al.26 synthesized Ag/SBA-15 nano-
composites by varying the Ag loading (4%e16%) using the impregnation method for
oxidation of benzyl alcohol to benzaldehyde. Szegedi et al.27 reported the formation of
Ag nanoparticle-loaded mesoporous silica nanostructures using the pulsed laser ablation
(PLA) method for the oxidation of toluene. Fuku et al.28 employed microwave-assisted
alcohol reduction method for the formation of highly dispersed Ag nanospheres (w4 nm)
and nanorods (w9 nm in diameter) within the channels of SBA-15. Strzalka et al.29 pro-
posed an efficient, fast, and interesting approach for the synthesis of Ag nanostructures
(nanospheres w4 nm and nanowires w50 nm depending on Ag loading) supported on
mesoporous silica with controlled morphology and composition using tollen’s reagent as
Ag source. Similarly, Compared with Au and Ag metals, Cu/CuO have also demonstrated
great capacity as redox catalysts due to being cheaper, easily accessible, and exhibiting
exceptional electrochemical and catalytic properties.30e32

FIGURE 30.4 Role of cocatalyst in different stages: (1) light capturing (2) photo-excitation (3) charge separation
and transfer (4) recombination of charge carriers (5) recombination surface charge carriers (6) photocatalytic reduction
(7) photocatalytic oxidation.
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3.2 Zeloite-supported metal nanoparticles as a cocatalyst

It has been observed that the smallest size particles show higher catalytic activity than the
large size particles. Metal nanoparticles show higher activity because of their small size and
higher surface-to-volume ratio but have lower thermal stability, which hinders their catalytic
efficiency under harsh reaction conditions. Zeolites are promising candidates for the encap-
sulation of metal nanoparticles. Generally, postsynthesis method is used to introduce metal
nanoparticles in zeolite cavities. Various metals like Re (rhenium), Mo (molybdenum), and
W (tungsten), which are unable to form a cationic complex in the solution, can be encapsu-
lated in the zeolites in an acidic medium. The Au nanoparticles encapsulated silicalite-1
showed higher activity for ethanol oxidation in the gas phase and displayed superior selec-
tivity (98%) for benzaldehyde. Pt-supported beta zeolite exhibited longer stability and activ-
ity toward the toluene combustion (check). The mesoporous zeolite exhibited higher stability,
activity, and 100% selectivity than the commercially used microporous zeolite (Pt-R/beta),
which becomes inactive after 6 h of the reaction. Direct decomposition of nitric oxide (NO)
to nitrogen (N2) and oxygen (O2) has been achieved by Cu encapsulated ZSM-5. It is observed
that the rate of selective reduction of NO to N2 is inhibited by SO2, H2O, and O2. However, it
is observed that the addition of hydrocarbons, which act as reducing agents significantly in-
creases the decomposition of NO. In comparison to amorphous oxides, mesoporous zeolites
provide different surface active sites for metal nanoparticle encapsulation. Thus, the hetero-
junction of metal nanoparticles with hierarchical zeolites is considered as a promising
approach for a large number of industrial applications.33,34

4. Photocatalysis

Catalysis is a phenomenon in which a certain chemical substance accelerates the rate of
transformation of reactant molecules into products without being consumed in the chemical
reaction. That chemical substance is recognized as a catalyst that speeds up the rate of a re-
action by providing an alternate path of lower activation energy. Photocatalysis is a reaction
in which light is used to activate a substance in order to increase the rate of a chemical reac-
tion. Thus, photocatalysis is defined as the acceleration of a chemical reaction by direct light
irradiation or by the irradiation of a catalyst.

4.1 Principle of photocatalysis

Generally, semiconductor materials are used as photocatalysts for various photocatalytic
applications. When a semiconductor is illuminated with light radiations, adsorption of pho-
tons takes place. If the band gap energy of the semiconductor is equal to or smaller than the
photon’s energy then electrons are excited from the valence band of the semiconductor to the
corresponding conduction band. The excitation of electrons simultaneously results in the gen-
eration of the positive hole (hþ) in valence band (schematically shown in Fig. 30.5).

hn þ Semiconductor / hþ þ e�
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Two possibilities are there after the formation of photogenerated electrons and hole pairs
in the conduction band and valence band respectively. (1) In absence of an appropriate scav-
enger, recombination of photogenerated charge carriers (e�-hþ) takes place. Because scav-
enger entrapped the photogenerated holes and enhances the charge separation. (2)
Prevention of charge carriers takes place if the photogenerated electrons and hole pairs un-
dergo a redox reaction with the substance that is adsorbed on the surface of the semicon-
ductor. The life span of photogenerated electron and hole pairs is very small (a few
nanoseconds) but this time is long enough to promote the photo-redox reaction. The neces-
sary condition for a semiconductor to be photo-active is the redox-potential of the photogen-
erated electrons in the conduction band should be sufficiently negative. In a similar way, the
redox-potential of photogenerated holes in the valence should sufficiently be positive. Based
on this the adsorbed oxygen can be reduced to superoxide radicals by photogenerated elec-
trons and photogenerated holes result in the formation of hydroxyl radicals, which can
further oxidize different organic pollutants.

4.2 Metal oxide photocatalyst

Metal oxides such as TiO2, ZnO,MgO, Fe2O3, etc. arewidely used as effective photocatalysts
for a large number of applications. Out of various metal oxides, TiO2 is a viable, nonpoisonous,
exceptionally steady, encouraging semiconductor material and finds various catalytic applica-
tions in different research areas.35e38 The significant disadvantage in regards to titanium diox-
ide is awide bandgap energy (3.2 eV),which restrains its photocatalytic performance under the
visible region. Different strategies have been made by the researchers to manufacture effective
M-TiO2 heterocomposite containing diverse plasmonic metals (Cu, Au, and so on.) that viably
actuate and improve the photocatalytic action of TiO2 under visible region.39 Monga et al.40

demonstrated the synthesis, characterization and photocatalytic activity of bimetallic Cu@Au

FIGURE 30.5 Photochemical process of semiconductor.
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and inverse Au@Cu core-shell nanostructure imparted to TiO2 for effective nitro-aromatic
reduction under visible light. Crake et al.41 revealed that TiO2/C3N4 nanocomposite exhibited
remarkable photo-reduction efficiency toward gaseous CO2 under UV-Visible light illumina-
tion. Likewise, AuePt stacked TiO2 nanosheets were employed for photocatalytic hydrogen
production via water splitting under solar radiations.42

In photocatalytic reaction, the deposited metal act as a sink for the photogenerated elec-
trons present in the CB (conduction band) of titanium oxide, and the photogenerated holes
initiate the oxidation of molecules adsorbed on the surface of the TiO2. Therefore, metal-
TiO2 heterojunction is a promising material for enhanced photooxidation processes. The
rate of charge transfer process generally depends upon the relative placement of conduction
and valence bands and also upon the work function of deposited metal species. The metal
deposited on the surface of titanium dioxide forms a Schottky barrier, which traps the photo-
generated electrons, hinders the recombination of electron and hole pairs, and improves the
charge separation and thereby improving the charge separation efficiency for enhanced
oxidationereduction rate of the surface adsorbed organic substrates. The size of deposited
metal, nature, composition, and reduction potential (Eo) influence the charge separation
and Fermi level equilibration in M-TiO2 composites43e45 (Fig. 30.6).

5. Transition metal nanocatalysis

Nowadays, nanocatalysis involving the use of metal nanoparticles as a catalyst has gained
significant attention for various industrial applications. The nanoparticles of transition metals
(Ni, Pd, Au, Ag, Cu, and Zn) are effectively used as a catalyst for various organic
transformation reactions i.e., hydrogenation of nitro-aromatics, CeC bond formation, CeH
functionalization, oxidation-reduction reactions. The small size, large surface area, and
high surface-to-volume ratio of the metal nanoparticles result in the effective interaction of
nanoparticles with reactant molecules even under mild reaction conditions and improve
the yield and selectivity of the reaction. The optical and electronic properties of metal

FIGURE 30.6 Charge transfer process and Fermi level equilibration at metal-Ti02 heterojunction. Reprinted with
permission from Kaur et al. 43 Copyright @2015 Elsevier.
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nanoparticles are highly dependent on different physical and chemical parameters. Thus, the
catalytic performance of metal nanoparticles can be controlled or improved by varying the
size, shape, composition, and surface morphology of the nanoparticles. The Au nanoparticles
having different morphological appearances i.e., nanospheres, nanorods, triangular, hexago-
nal, etc. are found to have different yield and selectivity for the same catalytic/photocatalytic
reaction. Monga et al.46 reported the synthesis of Au nanoparticles having different
morphology nanospheres and nanorods. It is found that both nanoparticles exhibited
different optical and electronic properties. The Au nanospheres show a surface plasmon
band at 536 nm, conversely, Au nanorods showed a surface plasmon band at 679 nm. It is
observed that Au nanorods exhibited a higher percentage yield for the reduction of
p-nitrophenol and p-nitrobenzoic acid relative to Au nanospheres credited to the higher
exposed catalytic surface area of Au nanorods. The size and morphological appearance of
metal nanoparticles can be altered by changing the experimental conditions, for example
by varying the composition, surfactant ratio, reducing/capping agents, temperature, and
time interval for their synthesis. It is observed that by varying the weight ratio of PVP (poly-
vinylpyrrolidone) with respect to Ni, the size of Ni nanoparticles is varied from 10e12 to
3e5 nm. The Ni nanoparticles having an average size between 3 and 5 nm were found to
have higher activity for Suzuki Miyaura cross-coupling reaction and also have higher yield
and selectivity for the catalytic hydrogenation of cinnamaldehyde and croton aldehyde
compared to large size Ni nanoparticles.47

In spite of the large number of catalytic applications, a single monometallic nanocatalyst is
not able to accomplish the desired activity and selectivity for the reactions. The monometallic
Ag nanoparticles are found to have limited practical applications because of their higher af-
finity toward the oxidation and agglomeration process, which affects the optical and catalytic
properties of Ag nanoparticles. A large number of surfactants, capping agents like ligands,
and polymers have been used in order to improve the stability and aggregation of these metal
nanoparticles. Presently, the coating of one metal nanoparticle with a layer of another metal
resulting in the formation of bimetallic nanostructure has gained tremendous attention
among researchers. The coating of Ag nanoparticles with the layer of Au nanoparticles pre-
vents the oxidation of Ag nanoparticles and improves the chemical stability as an electronic
transition between the two metallic elements arises due to the difference in electron affinity
and electro-negativity values of two different metal atoms.

6. Importance of bimetallic over monometallic nanoparticles

Bimetallic core-shell nanocomposites consisting of two different metals (Au@Ag, Ag@Au,
Pd@Ni, Au@Cu, Pd@Cu, Au@Pd) have attained particular interest in the area of catalysis/
photocatalysis. These bimetallic nanocatalysts exhibited superior optical, structural, and
physiochemical properties relative to their respective parent metals. The improvement in
their catalytic performance arises due to

1. the electronic or ligand effect in which charge transfer occurs between two different
metals resulting in the modification of electronic properties of the first metal (Fig. 30.7)
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2. An ensemble or geometric effect in which the addition of second metal on the surface of
the first metal provides new surface active sites. Fig. 30.8 shows the color transforma-
tion and change observed in optical properties of core@shell nanostructure as the con-
centration of shell precursors increases.48

3. Each metal element promotes different elementary reaction steps resulting in a bifunc-
tional mechanism. Monga et al.46 explored the effect of shapes of bimetallic Au@Ag
nanostructures resulting in superior photo-activity for the nitro aromatic reduction than
the monometallic counterparts.

FIGURE 30.7 Interfacial charge transfer
process between two different metals.
Reprinted with permission from Monga et al. 55.
Copyright @2015 Royal Society of Chemistry.

FIGURE 30.8 Effect of increasing (AeB) Ag deposition onto Cu nanospheres and (CeD) Cu deposition onto Ag
nanospheres with corresponding change in color intensity. Reprinted with permission from Monga et al. 48. Copyright
@2017 Elsevier.
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Different strategies have been employed like photochemical, successive reduction,
microwave-polyol, template, potentiostatic, electrochemical deposition, and two-step reduc-
tion in order to form bimetallic nanostructure. Depending upon the synthetic approach two
metals can adopt either core@shell or alloy nanostructure. Among various heterostructures
like alloy, dumbbell, and hollow core-shell nanostructure, bimetallic core-shell nanostruc-
tures are promising nanocatalysts for a large number of catalytic reactions. However, one
pot coreduction method based on galvanic displacement reaction is widely employed for
the synthesis of core-shell nanostructures. In this case, two metallic precursors are added
simultaneously and the reduction potentials of metals play a significant role in determining
the final structural design. Metals having dissimilar reduction potentials are reduced in a
consecutive manner in the presence of suitable reducing agents (Ascorbic acid, Hydrazine,
NaBH4, etc.). Metal ions with more positive reduction potential tend to be reduced at a faster
rate and serve as a core whereas metals with lower potential are reduced later and make a
shell over the core metal nanoparticles leading to the formation of the core-shell nanostruc-
ture. Jiang et al.49 reported the formation of Au@Ag core-shell nanostructure by galvanic
interaction caused by the difference in reduction potentials of the two soluble metal salts
(E0 Agþ/Ag ¼ þ0.80 eV vs. SHE; E0 Au3þ/Au ¼ þ0.93 eV vs. SHE). Similarly, Tang et al.50

studied the galvanic interaction between Au and Pd metal ions leading to the formation of
Au@Pd core-shell nanostructure based on their reduction potential (E0 Au2þ/Au ¼ þ1.42 eV
vs. SHE; E0 Pd2þ/Pd ¼ þ0.91 eV vs. SHE). The bimetallic nanostructures of noble metals (Au,
Ag, Cu, etc.) are broadly investigated because of their enhanced surface plasmon resonance in
the visible region, identical crystal structure (FCC), and simplistic synthesis technique. The
bimetallic core-shell nanostructure of Au@Ag and reverse core-shell Ag@Au with a different
morphological appearance like spheres, rods, cubic, wires, octahedrons and many more have
been synthesized by different researchers. It was observed that the chemical and different
electronic properties of bimetallic core-shell nanostructure can be modified by changing
the nature of core/shell atoms, by varying the core/shell thickness. Monga et al.40 reported
the difference in catalytic behavior observed by altering the core and shell thickness in
Au@Ag and reverse Ag@Au core-shell nanostructure. The difference in chemical properties
arises due to the fact that both metal atoms (Au, Ag) have different work functions, and
also by covering the core region of Au atoms by Ag shell affected the physical properties
of nanostructure like dispersion in various liquids, alteration in zeta potential values, which
govern overall electro-kinetic properties of the bimetallic nanostructure.

7. Metal-semiconductor (TiO2) photocatalysis

The photocatalytic hydrogenation of organic compounds using semiconductor photocatal-
ysis attracted a lot of interest. The selective hydrogenation of C]O (carbonyl group) is an
essential step for various applications and is widely used in the synthesis of different drugs,
chemicals pesticides, and polymers. Both mono/bimetallic nanocatalysts have been used for
this purpose, but bimetallic nanoparticles achieve significant interest among researchers
because of their advanced physicochemical properties. The deposition of these monome-
tallic/bimetallic nanoparticles (NPs) on the surface of the semiconductor (TiO2) improves
the photocatalytic efficiency of the semiconductor. The impregnated monometallic/bimetallic
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nanoparticles act as a photo-sensitizer and enhance the charge transfer process from the con-
duction band of the semiconductor to the surface of the metal nanoparticle (NP). Therefore,
metal/semiconductor hetero-junction becomes a key factor for making a highly active photo-
catalyst. Shiraishi et al.51 reported the photocatalytic production of hydrogen peroxide from
ethanol using AueAg bimetallic loaded TiO2 photocatalyst. Monga et al.40 reported the coca-
talytic effect of bimetallic CueAu core-shell nanostructure impregnated on TiO2 for the
photo-reduction of nitro aromatic compounds and photo-oxidation of salicylic acid. Simi-
larly, Ge et al.52 studied visible light-driven photocatalytic reduction of water using AuePd
bimetallic nanoparticles deposited on graphitic carbon nitride. The enhancement in the cata-
lytic performance of bimetallic nanocomposites occurred due to a shift in their work function
relative to monometallic ones. This led to an increase in the life span of charge carriers and
facilitate the charge transfer process from the CB of TiO2 and enriches the electron density
over the M1@M2 reaction active center. The charge transfer process occurred in the case of
bimetallic core-shell nanostructure and a TiO2 nanocomposite as shown in Fig. 30.9.

7.1 Enhanced photocatalytic activity of bimetallic deposited TiO2 photocatalyst

The deposition of bimetallic nanostructure on the surface of titanium oxide improves
the photocatalytic performance of TiO2 in several ways: (1) when a photocatalyst is illumi-
nated with light radiations, it captures the photoexcited conduction electrons (CB) of TiO2
and retard electron-hole recombination. (2) It promotes the formation of superoxide radi-
cals by transferring photoexcited electrons to the adsorbed oxygen molecules. (3) It pre-
vents the aggregation of titanium dioxide nanoparticles. (4) The synergistic interaction
between two different metals and bimetallic-TiO2 heterojunction increases the stability
of the material and improves the interfacial charge transfer process for various catalytic
reactions.

FIGURE 30.9 Charge transfer process in case of mono/bimettalic-TiO2 nanocomposites.
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Fig. 30.10 represents the mechanism for the photooxidation of salicylic acid and photore-
duction of the nitro compound using mono/bimetallic-TiO2 nanocomposites. The photoex-
cited electrons in the conduction band (CB) of TiO2 are used for the reduction of adsorbed
oxygen molecules to superoxide radicals. The holes generated in the valence band of TiO2
promote the photodegradation of salicylic acid. From the above mechanism, the rate-
determining step for the photocatalytic reaction is the transfer of electrons from metal nano-
particles to TiO2. In a photocatalytic process, the photoexcited electrons have to overcome the
Schottky barrier (FB) formed at the metal-TiO2 heterojunction. It was observed that depos-
iting the metal on the surface of another metal resulted in the lowering of work function
and Schottky barrier height compared to monometallic ones. As a result, bimetallic-TiO2
nanocomposites promote the efficient charge transfer for various organic transformation re-
actions as compared to monometallic counterparts and displayed higher activity and selec-
tivity for the reaction.48

8. Preparation and characterization techniques

8.1 Galvanic replacement method

Various methods like photochemical, successive reduction, template synthesis, potentio-
static, electrochemical deposition, and two-step reduction have been employed to

FIGURE 30.10 Possible mechanism for the reduction of nitro compounds using (A) monometallic (B) bimetallic TiO2

nanocomposites under visible light. Reprinted with permission from Monga et al. 48. Copyright @2017 Elsevier.
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synthesize core-shell nanostructures. These methods resulted in the formation of alloy and
other hetero-nanostructures. However, one pot coreduction method based on galvanic
displacement reaction is widely employed for the synthesis of core-shell nanostructures.
In this case, two metallic precursors are added simultaneously and the reduction potentials
of metals played a significant role in determining the final structural design. Metals having
dissimilar reduction potentials are reduced in a consecutive manner in the presence of suit-
able reducing agents (ascorbic acid, hydrazine, sodium borohydride, etc.). Metal ions with
more positive reduction potential tend to be reduced at a faster rate and serve as a core
whereas metals with lower potential are reduced later and make a shell over the core metal
nanoparticles leading to the formation of core-shell nanostructure.53,54 The formation of
Pd@Au core-shell nanostructures was carried out by using coreduction method (based on
galvanic interaction between Pd and Au metal atoms). In a standard process, an aqueous
mixture of PdCl2 (2 mM, 8.5 mL), 100 mg of ascorbic acid, PVP (66.6 mg), and KBr
(60 mg) is added into a round bottom flask (50 mL). The subsequent blend was preheated
at 110�C for 1 hour followed by the addition of HAuCl4 solution (3 mL, 3 mM). After the
addition of HAuCl4 in the response blend, the response temperature was sloped to
200�C and maintained for another 1h utilizing refluxing. The galvanic interaction between
Pd and Au metal atoms led to the construction of a core-shell nanostructure composed of Pd
core and Au shell.39

8.2 Seed mediated growth method

The catalytic activity of metal nanoparticles is highly surface-dependent and can be tuned
by modifying the size, shape, and composition of the material. The seed-mediated growth
method is a promising and widely used method to synthesize different shape metal nanopar-
ticles. Monga et al.40 reported the synthesis of core@shell and inverse core@shell of Ag, Au,
and Cu using the seed growth method.

8.2.1 Formation of Cu@Au core-shell nanostructure

The as-prepared Cu nanospheres were used as a seed for the deposition of Au in order to
form a bimetallic core-shell nanostructure. In a standard procedure, 426 mL of Cu nano-
spheres were diluted with an aqueous solution containing 1 wt% of polyvinylpyrrolidone
(PVP) followed by the addition of different amounts of Au aqueous solution (HAuCl4.3H2O,
0.01 M). To initiate the reduction of Au over Cu core, 0.1 mL of ascorbic acid (0.1 M) was
added to the mixture. The pH of the reaction mixture was maintained atw8e9 pH by adding
0.2 mL of an aqueous solution of NaOH (0.1 M). The synthesized Cu@Au nanostructure was
washed several times with water and ethanol and redispersed in a known amount of distilled
water.40

8.2.2 Fabrication of inverse Au@Cu core-shell nanostructure

A similar procedure (as reported above) was used to synthesize the inverse Au@Cu core-
shell nanostructure. 610 mL aqueous solution of Au nanosphere was added to an aqueous
solution containing 1 wt% of polyvinylpyrrolidone (PVP) followed by the addition of
different amounts of Cu aqueous solution (CuSO4.5H2O, 0.01 M). 5 mL of hydrazine
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monohydrate was added to initiate reduction of Cu over Au core followed by the addition
of 11 mL of NaOH solution (1M). The synthesized Cu@Au nanostructure was washed
several times with water and ethanol and redispersed in a known amount of distilled
water.40

8.3 Wet impregnation method

8.3.1 Synthesis of mono/bimetallic-TiO2 nanocomposites

The Pd@AueTiO2 nanocomposites were synthesized via the wet impregnation
method. 200 mg of presynthesized titanium dioxide nanospheres were dispersed in
30 mL of distilled water. Add 1wt% of mono/bimetallic nanoparticles and the resulting
suspension was kept under continuous magnetic stirring for 24h to get Pd/AueTiO2
nanocomposite.39

9. Characterizations

9.1 UV-visible spectroscopy

The optical absorption properties of metal nanoparticles were determined by UV-Vis ab-
sorption spectroscopy. The principle of this instrument is that when the sample is exposed
to light (having suitable energy for electronic transition within the molecule), the required en-
ergy is absorbed and the transition of electrons takes place from the lower to the higher en-
ergy level. In Fig. 30.11A Ag nanospheres show a significant surface plasmon band at 414 nm.
It was observed that on increasing the composition of Au shell thickness from 10, 20e30 mL,
the intensity of absorption band red-shifted to 490, 508, and 550 nm respectively. It was

FIGURE 30.11 (A) Effect of increasing Au-shell thickness over Ag nanospheres (NS) (B) corresponding changes
observed in the color intensity. Reprinted with permission from Monga et al. 55. Copyright @2015 Royal Society of
Chemistry.
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predicted that morphological changes observed in Ag nanospheres arise due to the deposi-
tion of Au (as a shell) over the Ag nanospheres (as a core). This evidence is further supported
by a corresponding change in color intensity from yellow to light orange to purple and blue
as represented in Fig. 30.11B.55

9.2 Diffused reflectance spectroscopy (DRS)

The optical absorption characteristics of bare and Pd/AueTiO2 nanocomposites can be
analyzed using DRS (diffused reflectance spectroscopy). A sharp intensive peak was
observed at 363 nm, which corresponds to the bare TiO2 nanosphere (NS) (Fig. 30.12). Rela-
tive to pristine titanium dioxide nanospheres, gold nanoparticles exhibited an absorption
edge at 546 nm. However, in bimetallic-TiO2 nanocomposite (Pd1@Au2/TiO2, APT-2) the ab-
sorption edge is blue-shifted to 529 nm as shown in Fig. 30.12.39

9.3 Electron microscopy

Electron microscopy techniques like transmission electron microscopy (TEM), high
resolution-TEM (HRTEM), and scanning electron microscopy (SEM) are used to examine
the morphological characters like the shape and statistical distribution of particle size.
From the TEM images, the size of bare Au nanospheres was found to be lies in the range
of 10e16 nm (Fig. 30.13A). When Ag ions are deposited on the surface of as-prepared Au
nanospheres, a layer of thicknessw3e4 nm (Fig. 30.13BeC) was observed suggestion the
formation of core-shell nanostructure where Au acts as a core and Ag as shell.55 On
further addition of Ag nanoparticles thickness of shell increased to w8e10 nm
Fig. 30.13D.

FIGURE 30.12 DRS (diffused reflectance spectroscopy) analysis of mono (Pd, Au) and bimetallic (Pd1@Au2)
eTiO2 (APT-2) nanocomposites. Reprinted with permission from Bathla et al. 39. Copyright @2020 Elsevier.
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The morphological appearance of Pd@Au core-shell nanostructures was further evaluated
by STEM through EDS elemental mapping (Fig. 30.14). The STEM images (Fig. 30.14A and B)
displayed a significant luminance contrast indicating a distinctive boundary between the Pd
core and Au shell. Since the atomic density of Au is much higher than Pd; Fig. 30.14C shows
the high intensity of Au over the shell region (shown in red color) and Pd showed a higher
intensity in the core region (shown in green color, Fig. 30.14D) indicating the formation of
Pd@Au nanostructure.39

9.4 X-ray powder diffraction (XRD)

The phase structural, facet design, polymorphism, and unit cell properties were studied by X-
ray diffractionwith CuKa at 1.54 Ao operating at 13e45 kV and the diffraction angle was set be-
tween 10�e80� with 5�/min rise. The samples for the XRDwere finely ground in amortar pestle

FIGURE 30.13 TEM images of (A) Au nanospheres and (BeD) Au@Ag core-shell nanocomposites of varying Ag-
shell thicknesses. Reprinted with permission from Monga et al. 55. Copyright @2015 Royal Society of Chemistry.
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before analysis. Fig. 30.15 shows the XRD analysis of standard titanium dioxide (P25) and as-
prepared titanium dioxide nanosheets. The diffraction peaks of titanium dioxide (P25) were
found to be identical to the anatase phase (JCPDS 01-089-4921). The high-intensity XRD peaks
occur at 25.41� (101), 38.07� (004), 48.19� (200), 55.15� (105), and 60.27� (204) correspond to
different lattice planes. The presence of (004) lattice plane at 38.07� clearly suggests the develop-
ment of (001) faceted titanium dioxide nanosheets. The nonexistence of (001) diffraction peak in
standard titanium dioxide (P25) is due to a number of structural factors of TiO2.

54

9.5 X-ray photoelectron spectroscopy (XPS)

The surface chemistry, quantitative elemental composition, and oxidation statewere studied
by XPS technique. The titanium (2p) spectrum (Fig. 30.16A) is consist of two different deconvo-
luted peaks whose center lie at 458.2 and 464.1 eV respectively.39,56 The difference between Ti
2p3/2 and 2p1/2 signalswas found to be 5.9 eV suggesting the existence of aþ4 oxidation state of

FIGURE 30.14 Scanning transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy
(EDS) mapping of Pd@Au core-shell nanostructure. Reprinted with permission from Bathla et al. 39. Copyright @2020
Elsevier.
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Ti. The O1s spectra deconvoluted into three different peaks corresponding to O2� (529.6 eV),
OeH binding (531.5 eV), and O2 (free oxygen, 533.5eV) respectively (Fig. 30.16B).39,57 The
high-resolution XPS spectrum of palladium 3d (Fig. 30.16C) consists of two different deconvo-
luted peaks, which were assigned to Pd 3d5/2 (335.3 eV) and 3d3/2 (341.9 eV) respectively sug-
gesting the occurrence of Pd (0). A noticeable shoulder peak at 336.6 eV was also observed
indicating that Pd nanoparticles also exist in the Pd2þ chemical state.39,58 Similarly, the core
level gold 4f spectrum (Fig. 30.16D) consists of two deconvoluted peaks centered at 82.9 eV
(4f5/2) and 86.8 eV (4f7/2), which were assigned to the metallic state of gold (Au(0)).39,59

10. Applications

10.1 Photocatalytic activity of Pd@Au-TiO2

The combination of Pd and Au as a core-shell nanostructure exhibited brilliant optical, cat-
alytic, and photocatalytic properties. These Pd@AueTiO2 nanocomposites were studied for
the selective hydrogenation of unsaturated aldehydes under catalytic/photocatalytic reaction

FIGURE 30.15 X-ray diffraction pattern of P25, TiO2 nanosheets, and Cu@ZneTiO2 nanocomposite. Reprinted
with permission from Bathla et al. 54. Copyright @2019 Elsevier.
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conditions. Fig. 30.17 shows a histogram indicating the comparative % yield obtained for the
cinnamaldehyde (CAL) hydrogenation carried out under catalytic/photocatalytic experi-
mental conditions. The APT-2 (Pd1@Au2/TiO2) photocatalyst displayed a superior percent-
age yield (98%) toward the selective hydrogenation of cinnamaldehyde to cinnamyl
alcohol than APT-1 (Pd1@Au1/TiO2) (67%) and APT-3 (Pd1@Au3/TiO2) (83%) under solar ra-
diations. The synergy between Pd@Au and TiO2 enhanced the charge separation process and
facilitate the effective charge transfer at the bimetallic-TiO2 hetero-junction. As a result,
higher selectivity and yield for cinnamaldehyde hydrogenation were observed for bimetallic
PdeAu/TiO2 than monometallic ones. Moreover, under catalytic conditions, the superior cat-
alytic performance of bimetallic Pd1@Au2/TiO2 (APT-2) nanostructure occurred because TiO2
support provides a higher surface area for adsorption of reactant molecules.39

10.2 Photocatalytic activity of Cu@Zn-TiO2

The selective hydrogenation of quinoline was carried out by using bimetallic Cu@Zn core-
shell nanostructure. It was found that nanostructure showed higher activity and selectivity
relative to monometallic Cu/Zn nanoparticles. Moreover, when Cu@Zn acted as a cocatalyst

FIGURE 30.16 XPS (X-ray photoelectron spectroscopy) analysis of (A) Ti, (B) O, (C) Pd, (D) Au. Reprinted with
permission from Bathla et al. 39. Copyright @2020 Elsevier.
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after deposition on the surface of TiO2, it showed a higher percentage yield for quinoline hy-
drogenation under visible light. The quinoline hydrogenation reaction was carried out using
different controlled reaction conditions. It was found that Cu@Zn/TiO2 having a higher Cu
weight ratio with respect to Zn (Cu:Zn, 3:1) exhibited a higher rate constant of k ¼ 2.1 � 10�1

h�1 for quinoline hydrogenation. In the standard procedure, the hydrogenation of quinoline
was performed under rough reaction conditions and involved the usage in very harsh condi-
tions (high temperature, solvents, and bases). Therefore, Cu@Zn/TiO2 nanocomposites could
be an effective photocatalyst for selective quinoline hydrogenation.54

10.2.1 Possible mechanism for the selective hydrogenation of quinoline

When Cu@Zn/TiO2 was exposed to visible radiations, the electrons from the valence band
(VB) were migrated to the corresponding conduction band (CB) of titanium dioxide. The
deposited Cu@Zn nanostructure act as cocatalyst and initiates the charge transfer process
and enhances electrons flow to the catalytic active sites of Cu@Zn. The expected mechanism
for the selective hydrogenation of quinoline is represented in Fig. 30.18. First, there is a 1,4
hydride addition, which leads to the formation of quinolin-1-ium cation followed by 1,2
hydride addition resulting in the formation of 3,4-dihydroquinolin-1-ium cation
or 1,4-dihydroquinoline (Fig. 30.18) and then lastly transformed into 1,2,3,4-
tetrahydroquinoline. Synergistic interaction among Cu and Zn at Cu@ZneTiO2 interface
leads to the barrier height reduction, which efficiently enhances the charge transfer process
for the selective hydrogenation of quinoline relative to the monometallic counterparts.54

10.3 Catalytic activity of Au@Ag and Ag@Au core-shell nanostructure

Fig. 30.19A shows the amount of NA (3-nitroaniline) and PDA (1,3-phenylenediamine)
produced from DNB (1,3-dinitrobenzene) using different mono/bimetallic Au@Ag and
Ag@Au core-shell nanostructure. It was observed that with the addition of an aqueous

FIGURE 30.17 The % yield obtained for
cinnamaldehyde hydrogenation (catalytic/
photocatalytic) using different catalyst.
Reprinted with permission from Bathla et al. 39.
Copyright @2020 Elsevier.

30. Enhanced cocatalysis of bimetallic nanostructures for catalytic and photocatalytic applications732

V. Environmental applications



solution of Ag (10 mL) over Au nanospheres the percentage yield of PDA was increased
(70%) relative to bare monometallic Au nanospheres (45%). On further increase in Ag
weight ratio, the percentage yield increased to 52% in the case of Au@Ag20 but reduced
to 48% in the case of Au@Ag30 nanostructure. This might arise due to the fact that with
an increase in Ag weight ratio, the separation between Ag-shell and Au-core increases re-
sults in weaker electronic interaction between Au@Ag30 nanostructure. Similarly,
Fig. 30.19B shows the percentage yield of PDA obtained after catalytic reduction using
Ag@Au core-shell nanostructure. It was found that hollow bimetallic Ag@Au showed
higher catalytic activity and percentage yield (82%) as compared to mono and bimetallic

FIGURE 30.19 Amount of 3-nitroaniline (NA) and 1,3-phenylenediamine (PDA) produced from 1,3-
dinitrobenzene (DNB) reduction by different mono/bimetallic (A) Au@Ag and (B) Ag@Au core-shell nano-
composites. Reprinted with permission from Monga et al. 55. Copyright @2015 Royal Society of Chemistry.

FIGURE 30.18 The possible reaction mechanism for the quinoline hydrogenation under visible light. Reprinted
with permission from Bathla et al. 54. Copyright @2019 Elsevier.
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Au@Ag core-shell nanostructure. The hollow core-shell provides a higher surface area and
more catalytic active sites than other mono/bimetallic nanostructures and showed higher
activity in PDA formation.55

10.4 Photoactivity of binary AgeCu/TiO2 nanocomposites

In this study, codeposited binary AgeCu/TiO2 nanocomposites were examined for
adsorption and photocatalytic activities in comparison to Ag/CueTiO2 monometallic nano-
composites. Under UV light illumination, the different weight percentages of Ag and Cu
were photo deposited on the surface of titanium oxide in an inert atmosphere. The character-
istics SPR band observed at 480 nm and at 640 nm for Ag and Cu respectively. From the TEM
analysis, the particle size was found be lie in the 10e20 nm range. It was observed that binary
AgeCu/TiO2 nanocomposite displayed higher quenching of photoluminescence intensity
relative to mono metallic Ag/CueTiO2 nanocomposite. Moreover, binary AgeCu/TiO2
showed higher activity for the photocatalytic degradation of methylene blue and salicylic
acid under different light sources (UV and Visible light (Fig. 30.20)).60

11. Conclusion

In concluding remark, bimetallic nanostructures are successfully used as catalysts/cocata-
lyst for different applications. Pd@Au, Cu@Zn core-shell nanostructures are systematically
examined for the selective hydrogenation of cinnamaldehyde and quinoline under light radi-
ation respectively and displayed higher activity and selectivity than corresponding monome-
tallic ones. Similarly, Ag@Au core-shell, Au@Ag inverse core-shell, and binary AgeCu/TiO2

FIGURE 30.20 Comparative CO2 evolution using mono/binary AgeCueTiO2 nanocomposite under UV/Visible
light. Reprinted with permission from Bhardwaj et al. 60. Copyright @2018 Elsevier.
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nanocomposites are effectively used as photocatalysts for degradation, photo-oxidation, and
reduction of different organic pollutants. Thus, the bimetallic-TiO2 nanocomposite is an effec-
tive and a potential candidate for the selective hydrogenation of unsaturated aldehydes and
other industry-relevant compounds that works in a viable, simple, and greener way.
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1. Introduction

Membranes have attracted significant attention as a potential technology for desalination
of brine/seawater, wastewater treatment, gas purification, recovery of valuable material, sep-
aration processes in the food processing and pharmaceutical industry.1,2 The demand for
high-quality water has spurred advancements in membrane technology, which has proven
vital for sustainable water recovery among various competing options.3 The IUPAC defines
a membrane as a “Structure, having lateral dimensions much greater than its thickness,
through which transfer may occur under various driving forces.” The membrane processes
classified according to the driving-force of transport is as follows: (1) pressure gradient-
ultrafiltration,4 nanofiltration,5 reverse osmosis (RO),6 etc., (2) concentration gradient dial-
ysis,7 membrane extraction, supported/emulsion liquid membranes,8 etc., (3) electrical
gradient-electrodialysis,9 electrofiltration,10 electrochemical ion-exchange,11 etc., (4) thermal
gradient-membrane distillation (MD),12 etc., (5) osmotic pressure gradient-forward osmosis,13

pressure retarded osmosis,14 etc., and (6) a combination of 1e5.15,16

2. Membrane distillation

The term “MD” was coined more than 55 years ago; however, this technology is still in its
early stages. It is interesting to note that while most membrane separation processes are
isothermal, MD is an exception to this as the driving force is the thermal gradient across
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the membrane.17 MD is a unique separation process in which heat and mass transport occur
simultaneously, and a vapor-liquid equilibrium exists across a microporous hydrophobic
membrane. This process involves a hot saline solution in the feed side of the membrane
and a cold pure distillate (water) in the permeate side with the vapor permeating through
the membrane. The distinctive hydrophobic nature of the membrane prevents liquid entry
and permits only the volatile component (vapor) to diffuse across the dry membrane
pore.18 The water vapor flux is proportional to the vapor pressure difference existing on
both sides, and this driving force is produced by maintaining a transmembrane temperature
difference or by lowering the pressure in the permeate side using vacuum/sweep gas.19 The
surface energy of the membrane plays a vital role in achieving separation as the pores should
not be wetted operation. Hence, to remove solutes from aqueous streams, the polymeric
membranes used are inherently hydrophobic or modified suitably to improve the surface
hydrophobicity.20

MD is far superior as opposed to competing technologies due to the following reasons: (1)
MD can achieve theoretically 100% rejection of all nonvolatile components including inor-
ganic ions, macromolecules, etc., (2) can handle feeds at higher temperatures (while operates
at lower temperatures as compared to thermal desalination processes like evaporation) (3)
lower operating pressures as compared to RO (Where applied pressure must be several times
greater than osmotic pressure) (4) can handle high salinity feeds, (5) mechanical stability
requirement is lower as compared to RO/NF membranes and (6) able to utilize waste-heat
and low-grade energy sources.21 As a result, there are a large number of researchers focusing
on all aspects of the MD technology, including membrane materials and configurations,22

heat and mass transfer modeling,23 fouling and its mitigation,24 heat recovery and utilization
of low energy sources,25 integrated MD systems,26 process applications27 etc. Apart from
original research, there are critical reviews on general MD and28 and specific facets29 avail-
able in the literature. The number of publications related to MD is given in Fig. 31.1 (Source:
Scopus search).

FIGURE 31.1 No of documents published related to MD during the last 10 years.
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Over the last 30 years, desalination has proven to be a viable alternative water supply, and
the majority (87% global) of the desalination plants use multistage flash (MSF) distillation or
RO. The energy requirement for employing MD for desalination of highly salty feeds with a
latent heat recovery system lies somewhere in between RO and MSF.

Theoretically, to produce a quantity of 1 m3 of deionized water, the RO process requires
2e3 times of the DGsep for sea-water desalination, and a thermal process would utilize 600
times DGsep assuming no latent heat is recovered. For high salinity feeds, the energy con-
sumption (DGsep) by MD is more significant than that required to desalinate seawater; how-
ever, this is only a small fraction of the latent heat.30 Further, MD requires minimum/no
pretreatment even for produced water,31 can utilize low-grade energy, is independent of
feed concentrations and operates at lower temperature/pressure.32 Low-grade energy
requirement allows it to utilize renewable energy sources - solar, geothermal, tidal, wind
etc., or even colocating the MD units in close proximity to industrial facilities and power gen-
eration systems to take advantage of the waste heat. Hybrid systems integrating MD with
other separation methods are also being explored to improve water recovery.33

Due to these factors, MD can be employed for wastewater treatment in textile industries,
breweries, tanneries, etc., as it can remove organic matter, heavy metals, and other contam-
inants from wastewater. Application of MD in treating nuclear waste, concentrating fruit jui-
ces and recovery of commercially valuable products like enzymes and proteins have also
been reported.34 The unavailability of a suitable membrane and its high energy consumption
are the two major factors causing hindrance in the commercialization of the MD process.18

For the membrane, the constraints include wetting of the membrane pores over long periods
of operation, reduced permeability, complications in fabricating a stable and efficient mem-
brane with adequate mechanical strength and antifouling ability.19 The deposition of organic,
inorganic, and colloidal substances and accumulation of biofilm in the pores results in fouling
which further reduces the permeate quality.

The full potential of the MD process can be realized if high-flux sustainable membranes are
synthesized, novel applications and process integration are explored.

2.1 MD configurations

There are mainly four different types of configurations generally used. The schematic rep-
resentations are given in Fig. 31.2.

3. State-of-the-art research in membrane distillation

The entire process of MD is subject to continuous improvement progressively, aiming to
eliminate the drawbacks discussed earlier. The studies for MD have been primarily based
on (i) improving the membrane configurations, (ii) coupling of MD with other processes,
(iii) augmenting the energy consumption by waste heat utilization or by using renewable en-
ergy sources, and (iv) membrane modifications. This chapter focuses on membrane modifica-
tions using nanomaterials.
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4. Electrospinning as a method for fabrication of membranes

The principle underlying the electrospinning process is the uniaxial elongation of a visco-
elastic polymer solution under an applied electric field caused by repulsive electrostatic forces.
This technology gained popularity as it can produce electrospun mats with a tunable fiber
diameter ranging from few microns to nanometre scale. The controllable pore size, high surface
to volume ratio, and large porosity of the nanofibrous membranes make it attractive in various
applications, including MD.35 Fig. 31.3 shows a schematic representation of the electrospinning
setup. Electrospinning consists of three main components: (i) a high voltage DC power source,
(ii) a syringe needle containing the polymer solution with a needle; mounted on a syringe
pump, and (iii) grounded metallic flat plate or rotating drum as a collector.

Initially, the polymer solution bought to the tip of the needle (using the pump) forms a
drop at the tip due to the viscosity and surface tension of the solution. On applying an electric
field, the hemispherical droplet-shaped polymer solution at the tip elongates to form a cone
termed as Taylor cone. Further increase in this voltage (greater than critical voltage, generally
around 5e40 kV) overcomes the surface tension forces causing the solution to eject out from
the tip, and the fluid gets transformed into a jet undergoing stretching and thinning traveling
toward the grounded collector.

The solvent evaporates as the jet travels in the air, leaving behind a charged polymer fiber
that aligns randomly on the collector, forming an electrospun mat (membrane). The mat is
then further dried at a specified temperature before being used for any application.37

FIGURE 31.2 Illustration of a basic MD configurations: (A), DCMD, (B) AGMD, (C) SGMD, and (D) VMD from.18
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Electrospinning emerged as a suitable fabrication technique that can produce membranes
having greater hydrophobicity with excellent porosity.38 The electrospun membranes offer
a precision control in pore size, morphology, fiber diameter/thickness39 with a three-
dimensional interconnected porous structure.35 Electrospinning is a cost-efficient method to
produce highly porous membranes from a wide variety of polymers. Electrospun membranes
can be successfully functionalized with other organic/inorganic materials and quickly depos-
ited over surfaces like metal, glass, microfibrous mats etc. Hydrophobic polymers such as
polypropylene (PP), polytetraflouroethylene (PTFE), polyethylene (PE), polyvinylidiene fluo-
ride (PVDF) are some of the most widely explored in MD. Electrospun membranes using sty-
rene butadiene styrene (SBS) was reported to be a cost-effective alternative compared to PTFE
membranes. The electrospun membranes exhibited larger pore sizes, stable flux for longer
runs (120 h), and salt rejection of 99.8% (from seawater).40 Electrospun polystyrene nanofi-
brous membranes were also explored in the DCMD process, and the membranes displayed
an excellent porosity of 86% and a modest flux of 31.17 kg/m2 hr.41 Ref. 12 synthesized a
triple-layered membrane prepared by electrospinning PVDF on either side of a commercial
(DuPont) nanofibrous PES support tested in the DCMD set-up.

Electrospun membranes, however, face significant challengesdmembrane wetting and
fouling. Incorporating nanomaterials is an excellent method to achieve membrane character-
istics such as antiwetting, antimicrobial, selfcleaning, superhydrophobicity, etc.42

With the advent of nanotechnology, electrospinning has become an up-and-coming and
versatile technology for membrane fabrication.43

FIGURE 31.3 Schematic of electrospinning setup.36
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4.1 Electrospinning parameters

Several reports give an idea about the influence of electrospinning parameters on nano-
fiber properties and are given in Table 31.1.37 Figs. 31.4 and 31.5 illustrate the SEM images
of various electrospun membranes.

TABLE 31.1 Factors affecting the morphology and structure of electrospun nanofibers.

Electrospinning parameter Effect on morphology and structure of the membranes/fibers

Solution parameters

Viscosity (polymer
concentration)

Optimal range. Low viscosity leads to electrospraying and too high viscosity leads to
drying of solution at the tip (nonuniform fibers with beads).
Within optimal range, increase in viscosity/concentration increases the fiber diameter.

Molecular weight Increasing molecular weight decreases formation of beads and droplets as it aids in
better stretching and entanglement.

Solution conductivity Increasing conductivity aids in reducing fiber diameter and may produce broader
distribution of fibers. Ionic salts are added to improve solution conductivity.

Surface tension No relationship can be predicted. Generally, lower surface tension is preferred as it
decreases the resistance of the solution. Surfactants are employed to increase surface
tension.

Solvent volatility Higher solvent volatility produces pores and microvoids on the fibers, further
increasing its surface area.

Process parameters

Voltage differential The effect of voltage difference is ambiguous. Greater applied voltage is shown to
yield thinner fibers. The range of operation has been reported between 10 and 35 kV in
most cases. Higher DV can lead to bead formation.

Flow rate Lower flow rate yields narrower fibers and the increase in flow rate is observed to
increase fiber diameter, with beads being formed and/or the fibers are not completely
dry. 0.5 mL/h to 3 mL/h.

Distance between needle tip
and collector

Reported distance is between 13 and 30 cm. At optimum distance the collected fiber is
completely dried. At distances too short or too far the formation of beads becomes
prominent.

Collector Metal flat-plate or rotating drums are widely used. Rotating drums can help to
produced aligned fibers.

Environmental parameters

Temperature A high temperature favors the formation of thin fibers due to the reduction in
viscosity. 23e32�C.

Humidity High relative humidity is seen to produce pores on fibers due to the microphase
separation. Low humidity produces smooth fibers and the relative humidity is
maintained between 25% and 50%.
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FIGURE 31.4 SEMmicrographs of PVA nanofibers indicating the effect of polymer concentration on fiber quality
and fiber diameter (A) 4% PVA (B) 6% PVA (C) 8% PVA [Mw: 146,000e186 000, 99þ% hydrolyzed, solvent used:
deionized water. Republished with permission of RSC Adv., 2016, from Ray SS, Chen SS, Li CW, Nguyen NC, Nguyen HT.
A comprehensive review: electrospinning technique for fabrication and surface modification of membranes for water treatment
application. RSC Adv 2016;6, (88):85495e85514. http://10.1039/c6ra14952a, permission conveyed through Copyright
Clearance Center, Inc.

FIGURE 31.5 Variation in morphology of electrospun nanofibers of PEO with viscosity: (AeD) schematic and
(EeH) SEM micrographs. From Haider A, Haider S, and Kang IK, A comprehensive review summarizing the effect of
electrospinning parameters and potential applications of nanofibers in biomedical and biotechnology, Arab J Chem,
2018;11(8):1165e1188, http://10.1016/j.arabjc.2015.11.015.
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5. Nanoparticles incorporated electrospun membranes for MD

Electrospinning has been employed for MD due to the current trend of employing nano-
fibrous membranes in desalination and water treatment. Nanoparticles are being incorpo-
rated into these membranes in order to overcome some of the inherent limitations of
pristine polymer membranes. These membranes are reported to have higher efficiency,
reduced pore wetting, and are less prone to fouling.

Nanoparticles can increase the tensile strength or prevent heat conduction in the mem-
brane, leading to improved mechanical and thermal stability. Roughness is an important fac-
tor that determines the antiwetting capability of the membranes. It promotes hydrophobicity.
Nanomaterials increase the surface roughness of membranes due to the presence of
numerous air pockets. Self-cleaning methods inspired by nature can be conferred to mem-
branes via functionalizing with nanomaterials.45 Generally, a particle with external dimen-
sions or internal pore structures in the range of 1e100 nm are classified as nanoparticles
and possess distinct physical/chemical properties. A nanomaterial can be classified as
zero-dimensional/one dimensional/two-dimensional if all/two/one of the dimensions
satisfy the above criterion.46 Wetting and fouling are the significant factors that cause hin-
drance in the long-term stability of membranes. The antimicrobial property of nanoparticles
is responsible for preventing biofouling. The improvement in membrane properties leads to
an increase in flux as well as rejection rate. Functional nanomaterial inclusion into mem-
branes improves membrane permeability, fouling resistance, mechanical, and thermal
stability.

Even though there is an increased interest in using nanomaterials in electrospun mem-
branes for MD is still under reshaping for extensive studies. Superhydrophobic electrospun
membranes were formed with the incorporation of nanoparticles in the polymeric membrane.
Nanoparticles exhibit a high surface area and increased physical and chemical activity (reac-
tivity and absorptivity), making them desirable for membrane processes. These nanofillers
used are primarily inorganic. They are mixed with the polymer and have substantial surface
area. Nanoparticle doses required for the water treatment are low, making their application
relatively economical.47

6. Role of nanoparticles to enhance the performance of electrospun
membranes

6.1 Silica nanoparticles (SiNPs)

Silica nanoparticles are widely employed due to their availability, ease of synthesis, ther-
mal stability, high surface area with a broad particle size distribution. The SiO2 nanoparticles
are inherently hydrophilic due to hydrogen bonds between the hydroxyl group of water and
SiO2. The particles have to be made hydrophobic to enhance the membrane hydrophobicity
and improve its dispersion in nonpolar solvent (as in colloidal electrospinning).48 Fig. 31.6
shows the superhydrophobicity of functionalized silica. The high density of eOH groups fa-
cilitates the functionalization of the SiO2 using the silane/fluoro silane coupling agents. These
coupling agents are characterized by long-chain bulky alkyl groups (may contain F), which
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form self-assembled layers on SiO2, thereby conferring water repellent properties and
rendering them hydrophobic for use in membrane preparation.49 Alternatively, postfabrica-
tion, fluoropolymers are anchored onto the electrospun membranes (containing SiO2
nanoparticles) via dip-coating rendering the membranes superhydrophobic. These fluoropol-
ymer modifications are popular due to their superior hydrophobic characteristics, low surface
energy, chemical resistance, mechanical stability, and thermal stability.50

Superhydrophobic membranes suppress mineral scaling due to a surface-bound air layer,
which decreases the contact area between the feed solution and the membrane. The reduced
contact diminishes the sites required for interfacial crystallization at the liquid�solid interface.51

SiO2 incorporated electrospun membranes were investigated for seawater desalination,
brackish water treatment, and recovery of water from oil-containing wastewater in either
DCMD or VMD modes. PVDF or its copolymer PVDF-HFP wase used to prepare electrospun
membranes (incorporated with SiO2) for desalination in DCMD. The SiO2 NPs were modified
using silane modifiers- OTMS49,52,53, ODTS, CI-DMOS,52 17-FAS,51 PDMS.54 All the membranes
displayed excellent rejection (>99.9%), exhibited high water contact angle values (>150e170),
and permeate fluxes (ranging from 28 to 46 LMH) much greater than the pristine membranes.
Ref. 55 developed a lotus-like roughness on polyimide nanofibrous membrane using a mussel
inspired strategy (polydopamine). The SiO2 nanoparticles were electrostatically anchored on the
membrane surface, which was then made hydrophobic by the immersion in FAS.

The prepared membranes were superhydrophobic with a water contact angle of 152�, a
modest high-water flux of 31 Lm�2h�1 and a 100% salts rejection. In addition, the membranes
could withstand hot water feed and displayed a high LEP. The hydrophilic cellulose acetate
polymer was investigated in DCMD for seawater desalination. In order to render the

FIGURE 31.6 Image showing the comparison of surface wettability between silica (B & D) and OTS modified
silica (C & E). Reprinted from Li X, Yu X, Cheng C, Deng L, Wang M, Wang X. Electrospun superhydrophobic organic/
inorganic composite nano fi brous membranes for membrane distillation. 2015 http://10.1021/acsami.5b06509 copyright (2015)
American Chemical Society.
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membrane hydrophobic, the incorporation of TEOS functionalized SiO2
56 and dip coating the

Si/CA membrane using PDTS50 was some of the techniques employed.
Aerogels are highly porous ultralight materials that have low thermal conductivity. The

addition of silica aerogel (SiAG) into the PVDF matrix improved the thermal efficiency of
the electrospun membranes in DCMD. The SiAG lowered the thermal conductivity of the
membranes from 0.111 to 0.083 W/mK, which accounted for a 150% increase in thermal ef-
ficiency.57 OTMS-SiNPs included PVDF electrospun membrane investigated for brackish wa-
ter desalination in a DCMD configuration was superhydrophobic confirmed by a water
contact angle of 156�, and a permeate flux of 37 LMH was reported.49 The vacuum membrane
distillation (VMD) mode has also been explored for desalination. The mechanism of surface
functionalization of the PVDFeSiO2 nanofiber membrane introduced into the FAS solution is
due to the successive condensation reactions between the OH groups found in the SiO2 nano-
particles and the SieOealkyl groups of the silane.58 The surface modification can be seen
from the AFM image (Fig. 31.7). The surface wettability of the modified membrane was
altered due to the increased surface roughness and lower surface free energy.

Another application of the MD process is water recovery from wastewater containing oil/
water emulsions. One of the approaches was to prepare a multiscale textured surface consisting
of a hydrophobic PTFE base and hydrophilic nanocomposite fibrous networks comprising of
cellulose acetate (CA) and SiNPs. While treating oil-containing feed composite membranes
with a multiscale textured surface consisting of the hydrophobic substrate and a hydrophilic
top layer are found to mitigate oil fouling in MD. Owing to its inherent hydrophilicity, silica
serves as an excellent additive while fabricating the hydrophilic fibrous networks required
for the top surface. The attachment of oil and the spreading of an oil droplets on a hydrated
surface were significantly diminished by the presence of the hydration layer. The foulant,

FIGURE 31.7 AFM image of FAS surface-functionalized SiO2-PVDF membrane with 0wt% & 8 wt.% SiO2.
Adapted from Dong Z, Ma X, Xu Z, Gu Z. RSC Advances, 2015:67962e67970. http://10.1039/c5ra10575g.
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“oil” could be removed by washing with DI water. The membranes operated in a DCMDmode
exhibited a water flux of around 20 LMH using a synthetic saline crude oil as feed.59

The formation of a reentrant structure at the surface was seen to impart superhydropho-
bicity (1760), thereby minimizing the effect of foulants on the PVDF membrane surface. These
omniphobic PVDF membranes were prepared by electrostatic interaction between the hydro-
philic silica nanoparticles (SiNPs) and polystyrene (PS) microsphere, followed by fluorination
using FAS was used to treat saline oily wastewater in a DCMD mode.60 Yuan Liao and his
coworkers studied the effect of small and large modified silica nanoparticles incorporated
into PVDF nanofibrous membranes. These membranes were superior in terms of flux
(w18.1 LMH), porosity, and water contact angle.61

A single-scale reentrant structure was formed by mono-axial electrospinning, and one with a
multiscale reentrant structure was created by coaxial electrospinning. Silica nanoparticles were
used as the sheath solution to create electrospun fibers with nanoscale roughness on individual
fibers. A super amphiphilic membrane electrospun silica-based membrane was modified with
fluoroalkyl silane to acquire low surface energy. The membranes with SiNPs showed better
antiwetting properties.62 The details of works using silica NPs are given in Table 31.2.

6.2 Carbon nanomaterials

Carbon nanotubes are one of the most versatile types of carbon nanomaterial being
explored as a material of interest in many diverse applications. Theoretically, it is a rolled-
up layer of graphene sheet containing sp2 hybridized carbon forming a cylinder. It can
arrange to form concentric cylinders (1e10 nos) with an interlayer spacing ranging from
0.34 to 0.39 nm.63 When a CNT consists of a single graphene sheet, it is referred to as a
single-wall CNT (SWCNT), and when it comprises more than one layer of concentric cylin-
ders held together by van der Waals attractions, it is known as a multiwall CNT (MWCNT).
Its hydrophobic nature, tensile strength, and elasticity are some of the reasons they are
employed as fillers in preparing polymeric membranes.

Mitra’s group (Fig. 31.8) explored MD and put forth several transport mechanisms across a
porous membrane containing CNTs. Incorporating CNTs increases the membrane hydropho-
bicity, decreasing the pore wetting, thus enhancing water vapor transport across the mem-
brane. The hydrophobic nanotubes can allow the diffusion of vapor by Fickian, Knudsen or
molecular diffusion. Moreover, their smooth surface also enhances mass transport via diffusion
or adsorption-desorption. The nanotubes’ high thermal conductivity helps limit the concentra-
tion polarization within the membrane pores, thus ensuring constant high flux.64

The addition of CNTs leads to a bead formation on the membrane surface, which further
increases the surface roughness. The increased surface roughness results in a higher water
contact angle.65 The antifouling studies (organic, inorganic, and bio-foulants) of a dual-
layer membrane consisting of (i) a hydrophobic base layer prepared by electrospinning using
PVDF polymer with organically modified (silane) SiO2 and (ii) a hydrophilic top layer pre-
pared by electrospinning carboxylated multiwalled carbon nanotubes (f-MWCNTs) with sil-
ver nanoparticles (AgNPs) were carried out. It was revealed that the f-MWCNTs/AgNPs
coating significantly reduced the deposition and cake formation on the surface of the mem-
brane (Fig. 31.9). Ag NP’s and MWCNT’s combined imparted biocidal properties to the
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TABLE 31.2 List of works using silica NP’s incorporated electrospun membranes for MD.

Nanoparticle: Silica

Polymer
used

Functionalization of
NP

MD
mode

Membrane
configuration Application LEP WCA

Fiber dia
and
membrane
thickness

Pore size and
porosity Flux

Rejection
%/solute
rejected Refs

CA Fluorination by
immersing in PDTS
solution

DCMD Flat sheet Desalination e 155.6 �
3.9�

330.5 �
83.2 nm &
243.6 �
2.5 mm

0.35 � 0.07 mm &
78.4 � 3.1%

13.6 kg/
m2hr

99.99% [50]

PVDF Silanization using
OTMS

DCMD Flat sheet Desalination e 156 �
6�

e e 37.1
LMH

99.9% [49]

CA Functionalized using
TEOS

DCMD Flat sheet Desalination 58 kPa 150.6 �
4.0�

- & 52 mm 1 mm & 89.8% 46.3
LMH

99.99% [56]

PVDF Modified through
silanization using
OTMS, ODTS, CI-
DMOS

DCMD Flat sheet Desalination, 80.1 �
3.9 kPa

162.6�
1.8�

986 �
344 nm &
132 mm

1.41 mm& 78.5 �
2.9%

34.2
LMH

>99.9% [52]

PVDF Silanization using
OTMS

DCMD Flat sheet Desalination
organic/protein
recovery/bacterial
effluent

- 151 �
7�

- & 116 mm 1.26 � 0.03 mm
&80%

42 LMH 97.2% [53]

PVDF-
HFP

Flouroalkysilanization
using 17-FAS

DCMD Flat sheet Desalination - 157.19� 420 �
180 nm
&174 �
2 mm

- & 80.7 � 1.2% 45.6
LMH

>99% [51]

PVDF Silica fumes dispersed
on PVDF/PDMS
mixture

DCMD Flat sheet Desalination 0.72 �
0.04 bar

170��
1�

- &
55�2 mm

1.5 � 0.01 mm&
(88 � 2) %

28 kg/
m2 hr

99.99% [54]

PVDF Silica aerogel DCMD Flat sheet Desalination 1.57 �
0.05 bar

78.62 �
0.9�

- &325 �
3 mm

0.485 mm&60.19 �
1.47%

12.5
LMH

99.99% [57]

PI Flourination DCMD Flat sheet Desalination 42 kPa 152� 375 �
25 nm&
105�4 mm

2.23 mm& - 31 LMH 99.99% [55]
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membranes against thermophilic bacteria in the feed. However, this hydrophilic coating led
to a decline in the permeate flux (16e17 LMH) when compared to the pristine membrane
(36e42 LMH).66

In a similar study, the f-MWCNTs/AgNPs hydrophilic active layer enhanced resistance to
bovine serum albumin (BSA) adhesion, and the protein rejection was> 99.98%. A decline in
flux (by 27%) was observed in this case as well.53

Many reports indicate that coating the superhydrophobic membrane using a hydrophilic
layer is a viable and promising one-step solution to address membrane fouling. The presence

FIGURE 31.8 Schematic diagram showing the mechanism of transport through CNT in MD. Reprinted from
Gethard K, Sae-Khow O, Mitra S. Water desalination using carbon-nanotube-enhanced membrane distillation. ACS Appl
Mater Interfaces 2011;3(2):110e114, http://10.1021/am100981s copyright (2010) American Chemical Society.

FIGURE 31.9 Crossectional view of alginate fouled uncoated (M8) and CNT/Ag nanoparticle coated (M9)
modified SiO2 PVDF membrane. From Nthunya LN, Gutierrez L, Nxumalo EN, Verliefde AR, Mhlanga SD, and Onyango
MS, f-MWCNTs/AgNPs-coated superhydrophobic PVDF nanofibre membrane for organic, colloidal , and biofouling mitigation
in direct contact membrane distillation, J Environ Chem Eng 2020;8(2):103654, http://10.1016/j.jece.2020.103654.
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of a hydrophilic layer on the membrane surface helps form hydrogen bonds with water mol-
ecules, creating a thin layer of water molecules between the membrane and the bulk solu-
tions. This layer will reduce the undesirable adhesion or adsorption of foulants on the
membrane surface.67

The incorporation of TiO2-CNTs into the electrospun PVDF-HFP membrane increased pro-
ductivity by 13.7%e46% when the feed concentrations were 36,000e9000 ppm.68

Recovery of valuable compounds from wastewater and utilizing them in suitable indus-
tries make the process profitable and sustainable. Using the MD process, J. Guo et al. 78 recov-
ered ammonia, a major pollutant in industrial, agricultural and municipal wastewater
streams. The recovered ammonia is available for use in fertilizer industries. A mixture of
Nafion ionomer and fluorinated MWCNTs was incorporated into a PVDF-HFP nanofibrous
membrane used in this process exhibited a permeate flux (ammonia) of 46.5 LMH using the
DCMD. Superhydrophobic electrospun polyvinylidene fluoride-co-hexafluoropropylene
(PcH) incorporated with 1-5 wt.% CNTs69 and a triple-layer nanocomposite PcH-PES-PcH/
CNTs membranes70 were also evaluated for seawater desalination using DCMD. The highest
VMD flux of 20 g/m2 CNTs coated membrane was 28.4 kg/m2 h for a 3.5 wt.% NaCl feed.71

Graphene, graphene oxide (GO), and partially reduced graphene oxide (r-GO) form a 2-D
class of carbon materials that are of great interest. Graphene is particularly suitable for MD
application due to its hydrophobic nature and antifouling nature.72 However, GO is inher-
ently hydrophilic and has many functional groups that serve as excellent reactive sites for co-
valent functionalization. The chemical functionalization of GO is carried out to overcome the
Van-der-Waals forces and to promote better dispersion in organic solvents rendering them
hydrophobic. Fluoropolymers like perfluorooctyltriethoxysilane (FTES) can also modify the
GO promoting enhanced interfacial affinity with the polymer matrix through entanglement.73

r-GO is hydrophobic due to the high density of carbon atoms arranged in a hexagonal hon-
eycomb lattice-type structure, and this formation enables the sorption of water vapor alone.74

Graphene materials impart antibacterial/microbial properties, which could be explained
by the stress on the cell wall induced by the sharp edges of graphene nanosheets, causing
the intercellular material to leak out. Another explanation could be that the GO acts as a ter-
minal electron acceptor drawing electrons from the microorganisms leading to ROS-
independent oxidative stress.67

The incorporation of hydrophobic graphene materials into PES/PVDF75 Polyvinylidene
fluoride-co-hexafluoropropylene72,74 and PVDF73 electrospun nanofibrous membranes were
investigated in three modes: DCMD, AGMD, and VMD. It can be confirmed that incorpo-
rating these nanomaterials improved membrane porosity enhanced the water contact angle
and showed excellent (>99.9%) NaCl rejection.

A zero-dimensional carbon material, graphene quantum dots (GQDs) are nano-scaled
pieces of graphene itself having relatively lesser size than GO, and they have also been inves-
tigated in membranes employed for MD.

A. Jafari et al.76 reported an improved permeate flux and outstanding salt rejection (99.7%)
using GQDs/PVDF nanofibrous membrane in AGMD mode. The incorporation of activated
carbon nanoparticles provided additional functionalities for PVDF -HFP membrane and
delivered better DCMD performance with an ultrahigh flux of 45.6 LMH.77 The details of
works, including carbon-based nanomaterials incorporated electrospun membranes, are
given in Table 31.3.
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TABLE 31.3 List of works using carbon-based nanomaterials incorporated electrospun membranes for MD.

Nanoparticle: Carbon

Polymer used
Functionalization
of NP

MD
mode

Membrane
configuration Application LEP WCA

Fiber dia and
membrane
thickness

Pore size
and
porosity Flux

Rejection
%/solute
rejected Refs

PVDF (with
silane modified
SiO2)

Ag þ carboxylated
MWCNT’S

DCMD Flat sheet Industrial
effluent
treatment

- 164� - 2.5 mm & - 17 LMH 99% [66]

PES/PcH MWCNT’s DCMD Flat sheet Desalination 1.8 bar 144�2� 347 nm&107 �
2.8 mm

0.55 �
0.03 mm &
91 � 1.8%

22.2 kg/
m2hr

100% [70]

PVDF FTES
functionalized GO

VMD Flat sheet Desalination 233.9 �
7.3 kPa

140.5� 51.1 � 11.0 nm
&26 � 2 mm

171.2 �
16.8 nm
&96.8 �
1.2%

36.4 kg/
m2hr

99.9% [73]

PES/PVDF Graphene
nanoplates

DCMD Flat sheet Desalination 85 kPa 132.3 �
0.8�

0.356 �
0.05 mm
&142 � 1.8 mm

0.379 �
0.09 mm&
88 � 1.5%

16.6kg/
m2hr

99% [75]

PVDF Carboxylated
MWCNT’S

DCMD Flat sheet Desalination,
protein
separation

- 57�4� - &135 mm 0.65 �
0.02 mm&
80%

13.1
LMH

99.8% [53]

PVDF Carboxylated
MWCNT’S

DCMD Flat sheet Desalination - 63 � 4� - - 14.7
LMH

99.63% [49]

Nafion ionomer
incorporated
PVDF-HFP

Flourinated
MWCNT’S

DCMD Flat sheet Ammonia
recovery

1.39 �
0.06 bar

138.7� 0.3 mm &
104 � 0.19 mm

0.42 �
0.01 mm &
89.7 � 1.02%

46.5
LMH

66.2% [78]

PVDF-HFP TiO2 þ CNT’s DCMD Flat sheet Desalination 0.81 bar 139 �
2.0�

0.43 � 0.05 mm
& 73 mm

0.46 �
0.05 mm &
86 � 1.2%

17.3 kg/
m2hr

99% [68]

PVDF Graphene quantum
dots

AGMD Flat sheet Desalination 135.6 �
3.2 kPa

121 �
0.95�

289.79 �
62.3 nm &
193.7 � 2.5 mm

4.9 nm &
92 � 1.2%

17.6 kg/
m2 h

99.7% [76]

(Continued)
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TABLE 31.3 List of works using carbon-based nanomaterials incorporated electrospun membranes for MD.dcont’d

Nanoparticle: Carbon

Polymer used
Functionalization
of NP

MD
mode

Membrane
configuration Application LEP WCA

Fiber dia and
membrane
thickness

Pore size
and
porosity Flux

Rejection
%/solute
rejected Refs

PVDF CNT’s VMD Flat sheet Desalination 186 kPa 156� 294 nm &
101 � 3.0 mm

0.19 mm&
70.2%

28.4 kg/
m2 h

>99.9% [71]

PVDF-HFP Activated carbon
NP’S

DCMD Flat sheet Desalination 1.36 �
0.04 bar

142.7 �
0.6�

- &
200 � 2.2 mm

0.787 �
0.036 mm &
90.5 � 1.7%

45.6
LMH

99.95% [77]

PVDF-HFP Reduced graphene
oxide (GO)

DCMD Flat sheet Desalination 103.42 kPa 139� 166 � 145 nm
& -

0.47 mm &
76.45%

20.37 kg/
m2h

99.97% [74]
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6.3 Metal- metal oxides

TiO2 nanoparticles are the most widely employed as they can aid in the removal/photo-
catalytic degradation of dyes, detergents, surfactants, cyanides, organic chlorinated com-
pounds, phenols, aromatics, pesticides and heavy metals (arsenic, cadmium, lead, etc.).
TiO2 NPs in polymeric membranes have also been associated with improved thermal and me-
chanical strength up to specific blend proportions.47 The hydrophobicity of the membrane is
one of the most important factors which determine the efficiency of MD performance. There-
fore, it is important to modify the nanoparticles’ surface and diminish their hydrophilic char-
acter.79 Low surface energy fluorosilanes such as Perfluoro dodecyl trichlorosilane (FTCS),80

perfluoro octyl triethoxysilane (FTES/PFTS)81,82 etc. are commonly reported for the modifi-
cation of TiO2 nanoparticles. Electrospraying hydrophobic TiO2 over PVDF-HFP electrospun
membranes was reported to provide 99.99% rejection of NaCl when tested in DCMD mode.
The water-repelling nature and self-cleaning tendency of the modified membranes were
commendable.81 The use of coaxial spinneret and multi-spinneret to include FTES-TiO2 is
another technique explored to prepare membranes with antiwetting properties with stable
permeate flux.83 The AFM image (Fig. 31.10) of the surface clearly shows the surface modi-
fication of the PVDF membrane on incorporating TiO2.

ZnO is another photocatalyst that has been employed to prepare nanocomposite PTFE
electrospun membranes for VMD application.84

The Ag NPs has a unique ability to resist the growth of bacteria and biofilms on membrane
surfaces and make them suitable for long-term stable operations.85 The generation of reactive
oxygen species (ROS) and oxidative stress were the two primary mechanisms responsible for
Ag nanoparticle’s toxicity or antibacterial activity. In MD applications Ag NPs are mainly
used along with f-MWCNT’s, forming a hydrophilic layer that helps mitigate oil fouling.66

Silver nanoparticle (noble metal) showcases a unique phenomenon where it can convert
light directly to heat due to an effect termed plasmon-induced hot-electron transfer
(PHET). Xiong Li et al.86 demonstrated a unique ultraviolet light-driven MD using a
PVDF/Ag photothermal nanofibrous composite membrane (Fig. 31.11).

FIGURE 31.10 AFM image of unmodified and TiO2-FTCS surface modified PVDF ENM. From Ren LF, Xia F,
Chen V, Shao J, Chen R, and He Y, TiO2-FTCS modified superhydrophobic PVDF electrospun nanofibrous membrane for
desalination by direct contact membrane distillation, Desalination 2017;423 (September):1e11, http://10.1016/j.desal.2017.09.
004.
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At 20% Ag loading, the membrane could provide a high-efficiency heat source (w60%) for
heating the feed solution, and this configuration could be operated without any auxiliary
heating.

The drawback of incorporation of silver nanoparticles in MD membranes is that they may
leach out of the matrix over time, or during synthesis, the NPs may get deposited on the
membrane surface, blocking the pores, which eventually could lead to a decline in the
permeate flux.87

The infrared induced photothermal effect was pronounced in the PVDF/Antimony doped
Tin oxide hybrid nanofibrous membranes used in VMD. The modified membranes exhibited
low-temperature polarization, and permeate flux of 27 LMH was reported.88

Alumina NPs are widely reported to enhance permeability, provide superior antifouling
ability and augment the mechanical strength of the membrane.46 Alumina is inherently hy-
drophilic, and the presence of a large number of eOH groups provide sites for functionaliza-
tion with highly branched hydrocarbons to render it hydrophobic. Hydrophilic alumina
nanoparticle incorporated membranes are generally employed in an AGMD configuration
as opposed to the DCMD configuration. This could be to avoid the heat loss by conduction
due to the high thermal conductivity of alumina (w28 W/mK).89

Heavy metals, even in low concentrations, pose a severe threat to the environment and hu-
man health. The eventual build-up of heavy metals in human tissues occurs over time and
leads to damage that eventually causes harmful physiological effects. The Al2O3 NPs
embedded PVDF membrane in the AGMD mode could remove 99% of heavy metals -Pb,
Cd, Cr, Cu, Ni.90 A 100% lead rejection was reported in a similar study using a PVDF electro-
spun membrane incorporated with isostearyl acid-modified Al2O3 NPs.91 More details about
metal and metal oxide incorporated electrospun membranes for MD are given in Table 31.4.

FIGURE 31.11 IR thermal images upon irradiation of UV light for 60 s on Ag incorporated PVDF membrane.
Reprinted from Ye H et al., Silver nanoparticle-enabled photothermal nanofibrous membrane for light-driven membrane
distillation. Ind Eng Chem Res 2019;58(8):3269e3281, http://10.1021/acs.iecr.8b04708. copyright (2019) American Chemical
Society.
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TABLE 31.4 List of works using metal oxide nanoparticles incorporated electrospun membranes for MD.

Nanoparticle: Metal oxide

Polymer
used NP/functionalization

MD
mode

Membrane
configuration Application LEP WCA

Fiber dia and
membrane
thickness

Pore size and
porosity Flux

Rejection
%/solute
rejected Refs

PVDF Al2O3 functionalized
with isostearyl acids

AGMD Flat sheet Heavy
metal
rejection

21 Psi 150� 172 nm & 130 mm 0.55 mm &
88.1%

23 LMH >99% [90]

PVDF Al2O3 AGMD Flat sheet Heavy
metal
rejection

25 Psi 154� 236 nm & 115 �
0.82 mm

0.39 mm &
87.5%

18.67
LMH

99.99% [89]

PVDF AgNO3 (Ag NP’s) DCMD Flat sheet Desalination 1.55 �
0.04 bar

148 �
2.1�

0.34 mm & - 0.31 mm &
67.5 � 1.8%

2.5 kg/
m2hr

>99% [86]

PVDF-
HFP

FTES functionalized
TiO2

DCMD Flat sheet Desalination 96.37 �
1.7 kPa

149�
2.8�

296 � 74 nm &
100�8 mm

0.7567 mm &
91.6%

37.8 kg/
m2hr

99.99% [82]

PVDF-
HFP

FTES functionalized
TiO2

DCMD Flat sheet Desalination 90.5 �
3.6 kPa

153.4� 231 � 139 nm&
231 � 139 mm

0.76 � 0.05 mm
& 89.8 � 1.9%

40 LMH 99.99% [83]

PVDF-
HFP

PFTS functionalized
TiO2

DCMD Flat sheet Desalination 1.10 bar 155� 398 nm&125 mm 0.75 mm& 85% 38.7 �
1.105
LMH

>99% [81]
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TABLE 31.5 List of works using other some important nanoparticles incorporated electrospun membranes for MD.

Nanoparticle: Others

Polymer
used

NP/
functionalization

MD
mode

Membrane
configuration Application LEP WCA

Fiber dia and
membrane thickness

Pore size
and porosity Flux

Rejection
%/solute
rejected Refs

PVDF MOF Iron-BTC DCMD Flat sheet Desalination 82.73 kPa 138.06 �
2.18�

445.58 � 166.92 nm
&79.99 � 13.59 mm

0.63 �
0.18 mm &
66.24%

2.87 kg/
m2 h

99.99% [92]

Psf PTFE NP’s DCMD Flat sheet Desalination 100.3 kPa 155� 491 nm & 551.6 �
3.6 mm

- & 84.1 �
0.9%

44.8kg/
m2hr

99.99% [95]
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6.4 Metal-organic framework (MOF)

These are coordination complexes with metal cations surrounded by organic ligands with
high specific surface area and porous structure. The organic-inorganic coordination is respon-
sible for the unique properties of MOF. MOFs are generally used in gas separation and are
not suitable for water treatment because of their instability, with certain exceptions-
zirconium and iron complexes.

Superhydrophobic PVDF membrane fabricated with MOF (iron 1,3,5-
benzenetricarboxylate) displayed a high water contact angle (w140 degrees), a moderately
high LEP (82.73 kPa) with a 99.99% NaCl rejection in a DCMD mode.92

6.5 Other nanoparticles

Suitable nanoparticles such as aerogels,93 nanoclay,94 PTFE nanoparticle95 etc. have also
been employed as additives in various electrospun membranes to be employed for MD.
Nanoclay improves the mechanical properties and thermal stability of polymer membranes
as well as imparts a hydrophobic nature.

Details of some other commonly used nanoparticles incorporated electrospun membranes
are given in Table 31.5.

7. Conclusion

This chapter focuses on the state-of-the-art development of electrospun nanofibrous mem-
branes modified with nanoparticles for MD applications. MD is a promising alternative for
water recovery and seawater desalination. The MD process is robust and can remove 100%
of the total dissolved solids, withstand high salinity feed streams, and operates at a lower
temperature (compared to thermal processes) and pressure (compared to RO). The standard
MD configurations and the modifications of the process configurations have been discussed
in detail. Electrospinning is a novel technology to produce nanofibrous membranes and has
been proven successful in developing highly porous membranes with excellent hydrophobic-
ity. Though significant variations of electrospinning techniques are being investigated,
upgrading this technique to an industrial scale remains a challenge. The advent of nanotech-
nology in developing novel membranes is a significant achievement, fueling the chances of
the commercialization of MD. It offers novel opportunities to revolutionize approaches to-
ward drinking water treatment by enhancing the multi-functionalities like antiwetting and
antifouling. Surface modifications via functionalization of nanoparticles render superhydro-
phobicity. The primary concern is the release of nanomaterials from water treatment systems
into drinking water and soil during the end disposal and the hazards it may cause. The num-
ber of researchers investigating MD is rising. With this current trend, the possibility of
addressing some of these issues raised will no longer be a pipe dream, making MD a
competing technology for water recovery and seawater desalination.
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Abbreviations

AC activated carbon
Ag@AC silver-loaded activated carbon
AgNPs silver nanoparticles
AOPs advanced oxidation processes
B Temkin constant
BET Brunner-Emmet and Teller
bT constant associated with the heat of adsorption in J mol�1

C0 concentration of dye in mg L�1 before adsorption
Ce concentration of dye in mg L�1 after adsorption
FEG-SEM field emission gun scanning electron microscopy
FT-IR Fourier transform infrared
HR-TEM high-resolution transmission electron microscopy
Ibu ibuprofen
KF Freundlich constant in (mg.g�1 (L.mg�1) 1/n)
KL Langmuir constant in L mg�1

KT Temkin isotherm constant in L g�1

MFM/C multifunctional materials or composites
n adsorption intensity
NSAID nonsteroidal antiinflammatory drugs
PCPPs pharmaceutical and personal care products
ppt parts per trillion
qe adsorption capacity in mg g�1 at equilibrium
qmax maximum monolayer capacity
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R gas constant
R2 coefficient of determination
RB-4 reactive blue 04
RhB rhodamine B
RL the separation factor
Rpm revolutions per minute
RR-120 reactive Red 120
SAED selected area diffraction
SEM-EDAX scanning electron microscopy (SEM) with Energy dispersive x-ray analysis
T temperature in Kelvin
TEM transmission electron microscopy
TG-DTA thermogravimetric and differential thermal analysis
XRD X-ray diffraction
lmax wavelength of maximum absorbance

1. Introduction

Wastewater treatment forms an important part of environmental remediation, and reuse of
recycled water can solve the scarcity of fresh water to a certain extent. A very limited portion
(w0.03%) of the total Earth’s water content is available for human consumption.1 Agricul-
tural, industrial, and domestic human activities have adversely affected the availability
and quality of the present water resources. Thus, the huge utilization of freshwater for indus-
trialization and domestic activities in addition to the ever-increasing pollution of freshwater
bodies may lead to the inevitable scarcity of this resource.

Industries such as textile industries consume a substantially huge quantity of fresh water
in their production and processing activities and generate a huge volume of highly contam-
inated wastewaters.2,3 Dyes are a notorious class of molecules present in such wastewater
systems constituting 10%e15% of the total quantity of dyes used. The spike in demand for
attractively colored products has led to increased application of these dyes in several sectors
like textiles, leather, dyestuff, plastic, paper, printing, food, pharmaceuticals, research lab-
oratories, cosmetics, etc.4,5 These colorant molecules tend to impart color to water even in
their minute concentrations6 and are known to have a highly stable and complex structure.
These dyes are known to interfere with the ecosystem in several ways by decreasing the in-
tensity of sunlight that penetrates the colored water, affecting the life cycle of aquatic flora
and fauna,7 which deteriorate the environment and affect human and aquatic life when
released into the natural water systems.1,3 Many of them are associated to carcinogenic,
and mutagenic potential in addition to their ability to cause other medical complications.8,9

Hence, removal of these toxic dyes from wastewater before their discharge is highly
essential.10

The other class of common organic pollutants is pharmaceutical and personal care
products (PCPPs)11 which belong to a new group of emerging contaminants. These com-
pounds seek their path into the wastewater streams through human and veterinary con-
sumption or application as medicines, fungicides, and disinfectants used for industrial,
agricultural, and household purposes and through excreta.12 Ibuprofen (Ibu) is an impor-
tant and widely prescribed drug for conditions such as rheumatoid arthritis as
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nonsteroidal antiinflammatory drugs (NSAID) and for relief from pain and fever as anti-
pyretic and analgesic drugs.12,13 The complete removal of PCPPs faces several challenges,
of which lack of awareness of the effect and intensity of toxicity that arise from long-lasting
exposure to very low concentration (parts per trillion) and high-transformation rates of
such molecules are known. The diverse class of molecules in terms of their physical and
chemical properties increases the difficulties in preparing an effective treatment strategy.14

Also, the recognition of new molecules as PCPPs are increasing on a regular basis with an
enhanced detection technology (detection range of sub-ppt, i.e., ng.dm�3).12 The NSAID in
wastewater systems has known to cause several conditions such as degenerative, renal,
and necrotic changes on the vertebrates. There is also evidence of the effect of NSAID in
the water on both vertebrate and invertebrate form of life causing defects in the reproduc-
tive functions, affecting the growth of the fungal and bacterial species, damaging the ge-
netic and systemic properties of some mussels and fish species, and disrupting the
cytogenetic properties in freshwater bivalves.13 Ibu has been detected in water streams
in high concentrations in the mg L�1, hence, necessitating its removal from the aqueous
streams.

Therefore, to tackle the problem of freshwater scarcity and to prevent contamination of
the available freshwater bodies, wastewater treatment using an effective method that may
require the development of advanced materials is highly desirable. There are various bio-
logical and chemical processes available for wastewater treatment and dye removal strate-
gies. Some of these technologies are adsorption, membrane filtration, ion exchange,
catalytic degradation, flocculation, and advanced oxidation processes, etc.15,16 Most of
these processes are either cost-intensive or require higher energy inputs, huge capital in-
vestments, or sophisticated setups that hinder the acceptance of wastewater treatment stra-
tegies, especially in developing nations. Among the several techniques, the adsorption
process appears to be a promising technique with the capability of rendering higher effi-
ciency, economic feasibility, and simplicity in operation.17 In this technique, the most ver-
satile adsorbent in water and wastewater treatment is activated carbon (AC).18 AC has a
relatively stable chemical structure and a high surface area with well-developed porosity,
which may provide binding sites for various organic contaminants.19 Also, the lack of
hydrophilic functional groups is one of the limitations of activated carbon. There is scope
to enhance the efficiency of these carbon materials through surface modification of the acti-
vated carbons, imparting various functionalities either through impregnation/doping/
loading or by using biomass material that has inherent properties for wastewater
treatment.

A variety of surface properties and surface chemistry may be achieved by suitable
surface modification strategies. Suitably designed nanocomposites may act as multi-
functional adsorbent materials in wastewater treatment strategies.20 The suitable and
well-planned fabrication and modeling of the surface of the AC may provide us with
multifunctional properties that can target multiple pollutants for effective remediation
of the wastewater. The modification methods may yield several routes to enhance and
impart several properties in one composite material, which may prove superior in
wastewater treatment strategies. The chemical/physical modification methods are
known to alter the surface properties and textures of the activated carbon. The prepa-
ration of nanocomposite by tailoring the surface of the AC with nanoparticles (NPs)
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may prove beneficial in providing the combined effect of the efficient conventional
adsorbent (AC) and the promising future generation adsorbent (NPs). The ultimate
purpose is to utilize multifunctional materials for eliminating several diversified pollut-
ants from the wastewaters.

Hence, in this chapter, the role of multifunctional silver-loaded activated carbon (Ag@AC)
in wastewater treatment strategies is presented through the preparation and application in
removalof Rhodamine B (RhB), Reactive blue-04 (RB-4), Reactive red-120 (RR-120), and
Ibuprofen (Ibu). The details and rate of the removal of the pollutants through the adsorption
isotherms and kinetics studies were also deduced.

1.1 Multifunctional adsorbents

Multifunctional adsorbents are formed by combining two or more different materials (or
phases) to produce a single material that behaves as a homogenous entity and has predictable
and reproducible properties.21 The composite material/multifunctional adsorbent often has
properties that are different from the individual components. With appropriate design, a
composite combines the best qualities of each component, producing a material with proper-
ties that are superior to its pristine form. They also find applications in catalytic, electric, bat-
teries, capacitors,22 etc.

Multifunctional materials or composites (MFM/C) in wastewater treatment technology
and strategies have gained benevolent recognition in the current time.23 The conventional
techniques and materials usually are designed to tackle one particular target pollutant, which
limits their application. Hence, with the introduction of MFM/C, benefits such as new tech-
nology with huge flexibility and surplus surface engineering alternative methods can be
achieved.23 Through proper modification of high surface area substrates like activated car-
bon, a newer and wide variety of properties of MFM/C may be achieved. Some multifunc-
tional materials were prepared as composites of reduced graphene oxide, titanium oxide and
silver nanoparticles (AgNPs) were used to fabricate the silicon nitride and polyethersulfone
ceramic matrix to achieve desalination, dye removal and antibacterial properties in a thin film
structure .24 The high surface area and antimicrobial graphene oxide were loaded with photo-
catalytic TiO2 and antimicrobial silver. The strategic loading of the cationic quaternary
ammonium saltsd 3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride and
poly(vinyl-N-hexylpyridinium bromide)d were used to fabricate the AC surface for the
removal of microbial contaminants: Escherichia coli (E. coli), Staphylococcus aureus (S. aureus),
and organic pollutant phenol.25 The biological AC was loaded with magnetic cobalt ferrites
to target the removal of methylene blue dye, and the magnetic properties ensured efficient
removal of the spent adsorbent after application.26 Thus, for the removal of various pollutants
of different kinds, suitably engineered materials prove to be potentially useful. A graphical
representation of the preparation and application of multifunctional adsorbent is represented
below:

32. Application of multifunctional carbon-based silver nanocomposites for environmental remediation766

V. Environmental applications



1.1.1 Role of AgNPs in multifunctional adsorbents

NPs have displayed a good potential to be promising adsorbents in wastewater treatment
strategies and techniques and may be used to modify the surface of the AC, yielding a
superior-quality nanocomposite. They may act as super-adsorbent materials because of their
increased surface-to-volume ratio with a reduction in their size from bulk to nano dimen-
sions.27 They are known to display several attractive properties such as an ordered structure
with a high aspect ratio, ultralightweight, high mechanical strength, electrical and thermal
conductivity, and high specific surface area.28 Similarly, AgNPs are also known to have
distinctive physicochemical properties and broad bactericidal and fungicidal activities.29

These NPs may be loaded on the surface of the AC to form nanocomposites.30 The controlled
release of AgNPs has particularly been advantageous in preserving the antimicrobial prop-
erty for a longer duration.31
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Thus, multifunctional materials may suitably be prepared by loading AgNPs on a suit-
able substrate. As discussed earlier, AgNPs are themselves known to exhibit multifunc-
tional nature owing to their several unique and inherent properties like photosensitivity,
photocatalytic, optical, catalysis, and electrical properties than the metallic silver.32 The
smaller size of AgNPs causes hindrance in their easy application, recycle and reuse, and
hence the preparation of silver nanocomposites is a useful alternative. Due to these reasons,
silver nanocomposites have high environmental implications. AgNPs and their composites
also have the added advantage of their biocompatibility with the eukaryotic cells and high
antibacterial, antiviral, and antifungal activity in comparison to other metal NPs.33 So, these
AgNPs may serve in providing a safe strategy to decorate and fabricate a suitable substrate
that may participate in environmental remediation through the potential for removal of a
wide range of pollutants. The antimicrobial activity of the silver nanocomposites further
contributes towards the disinfection of water systems. Several methods for effective AgNPs
preparation for effective wastewater treatment have been reported. The AgNPs reduced
and stabilized by the rhizome of taro were utilized in the catalytic degradation of the
organic pollutants like nitroarenes: picric acid, 4-nitroaniline, 4-nitrophenol, 2-
nitrophenol,; and azo dyes: methyl orange, congo red, methyl red and RhB.34 Silver-
loaded graphene oxide composite was prepared to obtain multifunctional properties to
achieve adsorptive removal of malachite green and ethyl violet dyes, catalytic degradation
for 2-nitroaniline elimination along with antimicrobial activity against both gram-negative
and gram-positive bacteria E. coli and S. aureus, respectively.35 Similarly, our recent work on
AgNPs stabilized by aqueous leave extract of Tabernaemontana divaricata, were decorated on
the surface of AC prepared from the pods of Delonix regia to obtain antibacterial activity
against Bacillus subtilis and E. coli, antifungal activity against Candida albicans, and organic
dye removal like RhB dye36 is also one approach toward utilizing nanocomposites for tar-
geting multiple pollutants.

1.1.2 Silver nanocomposites for environmental application

Nanocomposite as an adsorbent will prove as an efficient adsorbent because of the increase
in their surface-to-volume ratio with the reduction of the size of the adsorbent particle from
bulk to nano dimensions,37 and it also has many attractive properties such as an ordered
structure with a high aspect ratio, ultralightweight, high mechanical strength, electrical
and thermal conductivity, and high specific surface area, etc. Among the nanoparticles,
AgNPs are gaining more importance because of their antimicrobial and antiviral properties49

as discussed earlier. The application of Ag nanocomposites for different pollutant systems
and its efficiency is given in Table 32.1.

1.2 Target pollutants

There are different types of pollutants present in industrial wastewater like synthetic dyes
(cationic and anionic), organic pollutants (pesticides, pharmaceuticals, and phenols, etc.), and
biological pollutants (e.g., bacteriae E. coli and B. subtilis, funguse C. albicans and other path-
ogenic microbial populations). The textile industry consumes a substantial amount of water
in its manufacturing processes, particularly in the dyeing and finishing operations of the
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plants. The wastewater from textile plants is classified as the most polluting of all the indus-
trial sectors, considering the volume generated as well as the effluent composition.50 RR-120
and RhB are important dyes which are widely used in the textile industries.51 They are also
used in cosmetics, such as lipsticks and soap, as a coloring agent. The toxicity of these dyes
has been evaluated in several biological systems.52 The dye was reported to induce growth
retardation and liver damage, erythrocyte hemolysis, and suppression of the immune
response in isolated spleen cells. Pharmaceutical products like Ibu belong to the class of
emerging contaminants53 which are widely used for their medicinal applications leading to
their occurrence in the natural environment through medicinal effluents or pharmaceutical
industry wastes. Ibuprofen, 2-[4-(2-methylpropyl)phenyl] propanoic acid is used as an anti-
inflammatory drug/analgesic53,54 and often reported in dilute concentrations of less than
1 ppb. Though they have not been regulated by environmental pollution control agencies,
yet their potential effect on living organisms is nonetheless. Hence, the development of multi-
functional adsorbents to target the removal of different contaminants simultaneously is
growing attention in recent years.

As for the experimental methodology, the initial and residual concentrations of the chem-
ical pollutants may be measured using a UV-visible spectrophotometer at their absorbance

TABLE 32.1 Efficiency of Ag nanoparticle composites in dye removal.

Adsorbent System
Maximum adsorption
capacity References

AC-AgNPLs Crystal violet 87.2 38

AgNP-CMSs Methylene blue 250 39

Ag-NP-AC Sunset yellow 37.03 40

Ag-NPs-AC Methylene blue 71.4 40

SNP-AC Direct yellow 12 454.54 41

Ag-NPs-AC Congo red 66.7 42

GO-Ag Malachite green
Ethyl violet

143
72

35

Ag-NPs-AC Methylene blue 172.22 43

Silver nanoparticles loaded
corncob adsorbent

Tannery effluent
Dairy canteen

238
251
210

44

Ag-NPs-coated AC beads Congo red 64.80 45

Ag-Np-AC Eosin yellow 285.7 46

AgCl-NRs-AC Methylene blue 227.27 47

Ag-NP-AC Methylene blue 75.2 48

Ag-NP-AC Bromophenol 200 49
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maximum as provided in Table 32.2. The working standard solutions of the target pollutants
were prepared from the stock solutions of 500 mg L�1 by subsequent dilution method to the
required concentration. All experiments were repeated in triplicates to ensure the reproduc-
ibility and accuracy of the data generated.

1.3 Preparation of Ag@AC

The AC procured from Merck; India was utilized as the base support. For the fabrication
on the surface of AC with silver, 10 mL of AgNO3 (0.03M) was mixed with 10 mL of
Na2CO3 (2.5 mM), and the mixture was constantly stirred for 1 h to yield white precipitates
of Ag2CO3. The reducing agent, NaBH4 (1 mM, 2 mL), and stabilizing agent, starch solution
(2%, 20 mL) were added with constant stirring and heating at 60�C for w1.5 h. The details
of chemicals used for the preparation of the composite were silver nitrate (AgNO3,
purity ¼ 99.9%; Alfa Aesar), sodium borohydride (NaBH4, purity ¼ 97.10%), sodium car-
bonate (Na2CO3, purity ¼ 99.55%; Merck), and starch {(C6H10O5)n}. All chemicals were
used without further purification and solutions were prepared in ultrapure water from
the Milli-Q Elga system (Millipore) for all experiments. A color change from white to
brown was observed, indicating the formation of reduced silver.11 To this brown-colored
solution (Fig. 32.1), 7 g of AC was added, and the mixture was heated at 60�C for
w1.5 h with intermittent mixing yielding Ag@AC. Later, the Ag@AC was placed in a
furnace for 1.5 h at 300�C. The resultant carbon was further characterized and its potential
application in dye removal was investigated. The resultant material is referred to hereafter
as Ag@AC.

The efficiency of various silver nanoparticle-loaded nanocomposites toward different dye
removal is summarized in Table 32.2.

TABLE 32.2 Chemical specification of pollutants under study.

Properties
Rhodamine B

(RhB)
Reactive red 120
(RR-120)

Reactive blue 04
(RB-4)

Ibuprofen sodium salt
(Ibu)

Other names Brilliant pink B Triazine dye red Procion blue Advil

Type Cationic dye Anionic dye Anthraquinone PCPPs

Molecular
formula

C28H31ClN2O3 C44H24Cl2N14O20S6Na6 C23H14Cl2N6O8S2 C13H17NaO2

Molecular
weight
(gmol-1)

479.02 1470 637.43 228.26

Solubility
(gL-1)

15 70 45 20

cmax (nm) 554 535 591 222

Procured from Sigma-Aldrich Sigma-Aldrich Alfa Aesar Sigma-Aldrich
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2. Adsorbent characterization

AC and Ag@AC were characterized to understand the surface composition, morphology,
and thermal stability using Fourier transform infrared (FT-IR), X-ray diffraction (XRD), Ther-
mogravimetric and differential thermal analysis (TG-DTA ), HITACHI TG/DTA 7200), Scan-
ning electron microscopy (SEM) with Energy dispersive x-ray analysis (SEM-EDAX), TEM
and Brunner-Emmet and Teller (BET) surface analysis. FTIR spectra of AC and Ag@AC
were examined to determine the functional groups present on their surface to understand
their possible role in the interaction and removal of the dye contaminants. The spectra
were recorded in transmittance mode using Shimadzu Spectrophotometer with 40 scans
and a resolution rate of 4 cm�1 in the range of 400e4000 cm�1. The samples were prepared
using dry FTIR grade KBr powder in a ratio of 1:100. The XRD patterns for both the samples
were obtained using an X-ray diffractometer (Panalytical’s X’Pert Pro) with a wavelength of
1.54�A (Cm K-a1), equipped with nickel beta filter and an X’Celerator solid-state detector and
2q range of 5e100 degrees. The SEM images were recorded with a 10,000 times magnification
by the scanning electron microscope (FEI, QUANTA 200-3D). The TEM micrograph was ob-
tained by dripping the Ag@AC dispersed in isopropanol, followed by ultrasonication for
30 min, and dried on the copper grid which was then characterized on TEM-EDX (Tecnai
T-20) at 200 eV. The surface area of the prepared adsorbent was characterized by Quantach-
rome Sorptometer using the nitrogen adsorption-desorption method where the prior
degassed finely powdered sample was analyzed at �196�C. The specific surface area was
calculated by the BET isotherm model, while the total pore volume and the average size
were determined by the Barrett-Joyner-Halenda (BJH) method. To determine the thermal sta-
bility of the AC and Ag@AC, TG analysis was performed in the temperature range of
40�Ce800�C under a nitrogen flow of 200 mL per min at the heating rate of 10�C per minute.

FIGURE 32.1 Brown coloration indicating the formation of AgNPs.

2. Adsorbent characterization 771

V. Environmental applications



2.1 FE-SEM and EDX analysis results

Fig. 32.2A and B illustrate the electron microscopic images of AC and Ag@AC. The dark
spots on the HR-TEM image of Ag@AC in Fig. 32.2C prove the successful loading of AgNPs
on the carbon surface. The Field emission gun scanning electron microscopy images and
EDAX data of AC and Ag@AC are given in Fig. 32.2D and E. As seen from Fig. 32.2, both
AC and Ag@AC have a rough and porous surface. The image further illustrates that the silver
modification of AC has resulted in a more heterogeneous nature and well-developed pores at
the Ag@AC surface. This silver is expected to further aid in the removal of pollutants with
synergistic action with that of the AC’s carbon base.

The confirmation of the presence of silver at the Ag@AC surface may be obtained from its
EDAX spectra which show successful Ag loading (1.20%). Other elements carbon (87.70%)
and oxygen (11.10%) were also present. It is also observed that the AC surface lacked trace
metals but was rich in carbon (90.00%) along with oxygen (10.00%) (Fig. 32.2D). Thus, the
EDAX data presented in (Fig. 32.1E) also supports the successful fabrication of AC surface
to develop Ag@AC.

2.2 HR-TEM analysis

The Transmission electron microscopy (TEM) image of Ag@AC (Fig. 32.2C) shows that the
prepared composite had both lighter and darker regions. The darker regions indicate the
presence of denser moieties like metallic structures. In this case, it may represent the denser
silver-loaded at the carbon surface while the porous carbon structure is represented by the
lighter region seen in the HR-TEM (High-resolution TEM) images. The successful modifica-
tion of the AC carbon surface with silver may hence be understood.

FIGURE 32.2 The electron microscopic studies: (A) FE-SEM images of AC, (B) FE-SEM images of Ag@AC, (C)
HR-TEM images of Ag@AC, (D) EDAX spectra of AC (E) EDAX spectra of Ag@AC (F) SAED pattern of Ag@AC.
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The selected area electron diffraction, i.e., Selected area diffraction (SAED) data (Fig. 32.2F)
suggests the presence of both amorphous and crystalline structures in the Ag@AC. The
diffused rings and the bright spots observed in the SAED data represent the amorphous car-
bon surface and the crystalline loaded silver, respectively. The data suggests that the amor-
phous carbon embeds silver in its polycrystalline form.

2.3 Surface and surface area analysis

The surface area of the AC greatly influences its adsorption capacity and efficiency. It is
generally seen that the AC with the high surface area may have high adsorption capacity for
a particular adsorbate. Thus, the surface pore structure and pore distribution analysis of the
AC is highly essential. The surface area of the AC and the silver-loaded carbon material were
523.45 m2 g�1 and 855.40 m2 g�1 respectively as observed from Table 32.3. The fabrications
of the surface of the AC lead to the increase in surface area which may be attributed to the
increased porosity. It is also seen that the pore volume of the Ag@AC had a higher value
compared to that ofACwith values of 0.3318 cm3 g�1 and 0.4773 cm3 g�1,respectively. Thehys-
teresis loop in the nitrogen adsorption curve indicates that the pores present on both the carbon
material have a mesoporous structure (Fig. 32.3A and B). The pore diameter as obtained from
theBJHmodel indicated adecrease in the pore diameter uponmodification ofACwhichmaybe
well understood from the fact that the AgNPs occupied the surface of the AC to form Ag@AC
(Fig. 32.3C and D). Hence, it is expected that the carbon composite (Ag@AC) had superior sur-
face properties than the AC. Ag@AC is mesoporous and crystalline, having a very high surface
area (855.40 m2 g�1), high thermal stability, and greater porosity, which are very useful in the
removal of organic and microbial pollutants in real water.

2.4 XRD analysis results

The XRD data were collected for AC and Ag@AC is presented in Fig. 32.4. The XRD
pattern of AC shows two prominent and broader peaks around 24.03� and 44.00� which indi-
cate the amorphous carbon structure of the AC in addition to some sharper peaks. The
sharper peaks may be due to the presence of some crystalline structures at the carbon surface.
The XRD pattern of Ag@AC (Fig. 32.4A) in comparison to AC showed some new peaks
which may indicate the successful fabrication of the AC surface to form Ag@AC. A strong
peak at 32.27� may be due to the presence of silver oxide moieties.55 Also, the weaker and

TABLE 32.3 Surface area and pore characteristics of AC and Ag@AC.

Property AC Ag@AC

Surface area 523.45 m2 g�1 855.40 m2 g�1

Pore volume 0.3318 cm3 g�1 0.4773 cm3 g�1

Pore size 35.294 Å 34.174 Å
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short peaks at 54.85 and 67.65 degrees indicate the presence of Ag2O at the surface of Ag@AC
as indicated by the previously reported work.55,56 The peaks at 32.27 degrees, 54.85 degrees,
and 67.65 degrees represent (111), (220), and (222) planes of cubic Ag2O. The changes in the
two XRD patterns highlight the successful incorporation interaction of silver at the AC sur-
face to form the Ag@AC surface. These changes in the XRD pattern offer qualitative evidence
of the deposition of silver over the surface of the AC.

2.5 FT-IR spectra

The FT-IR spectra of AC and Ag@AC (Fig. 32.4B) give information about the chemical
composition and its surface functional group characteristics. On loading with silver at the
AC surface, some slight changes in the FT-IR spectra were observed as seen in Fig. 32.4B.
This may be due to the interaction of silver at the AC surface. Several peaks were observed
in the IR spectrum of both AC and Ag@AC. The peaks at 3727.08 cm�1 and 3430.17 cm�1

represent the free and hydrogen-bonded hydroxyl groups denoting the alcoholic, and
phenolic and/or carboxyl functional groups.57 The peaks around 2882.68 cm�1, 1433 cm�1,
and 1345.34 cm�1 may be assigned to the absorption by the eCH3 and eCH2 group stretch-
ing and bending absorption. The peaks around 1617 cm�1 represent the presence of eC¼C or
eCOO stretching. The presence of the aromatic group skeletal stretching may be observed at

FIGURE 32.3 Surface characteristic analysis: (1) nitrogen adsorption-desorption isotherms (A) AC and (B)
Ag@AC; (2) BJH method for the pore size distribution (C) AC (D) AG@AC.
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around 1514.77 cm�1.58 Long-chain CH2 may be inferred from the peaks present around
772.09 cm�1 while CeO stretching may be seen at around 1217.8 cm�1. The FT-IR spectra
of both the carbons i.e., AC and Ag@AC show the presence of functional groups containing
C, H, and O. The minor shifts in the peak position between the two FT-IR spectra were
observed, which indicated successful fabrication of the AC surface to form Ag@AC.

2.6 TG-DTA results

The thermal stability of AC and Ag@AC was investigated using TG-DTA. The thermo-
gram is represented in Fig. 32.4C. The TG-DTA analysis demonstrates that the prepared
silver-loaded carbon had higher thermal stability than AC, as shown in Fig. 32.4c. From
the TG-DTA curve, it was observed that the composite carbon remained stable even at higher
temperatures with a comparatively lower loss of the carbon content. The AC thermogram re-
veals that about 7.8% weight loss at around 115.9�C while 20% of the weight loss at around
800�C was observed. In the case of Ag@AC, at 225.5�C only 1.1% loss was recorded while

FIGURE 32.4 Characterization results of AC and Ag@AC (A) XRD pattern (B) FTIR spectra, and (C) TG curve of
AC and Ag@AC.
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8.5% was lost at around 800�C. This reveals the higher thermal stability of Ag@AC than the
pristine carbon AC. Thus, it may be observed that the thermal stability of the prepared ma-
terial was enhanced to some extent in the case of Ag@AC compared to AC itself.

3. Adsorption studies

The batch study comprised of investigating the role of Ag@AC in the removal of several
cationic and anionic dyes and one particular and common pharmaceutical compound from
their aqueous solution. The experiment involved contacting 20 mL of 50 mg L�1 initial con-
centration solutions with varying predetermined dosage (1 g L�1e15 g L�1) of AC as well
as Ag@AC. The adsorption was carried out in 150 mL screw-capped conical flasks placed
on a rotating surface shaker incubator at 37.4�C at 100 rpm for a total contact time of 5h. Ki-
netics of removal for target the pollutants were also investigated by contacting an optimized
dose of 300 mg of Ag@AC for the varying periods (0e300 min) at 37.4�C under continuous
agitation at 100 rpm.

After completion of the experiment, the carbon-free supernatant was collected by filtering
out the carbon through the Whatman filter paper. The residual dye concentration in the
filtrate was determined by a UV-visible spectrophotometer at their respective wavelengths
of maximum absorbance (lmax) values. Later, the efficiency of Ag@AC was recorded in the
form of the percentage removal and the adsorption capacity of the adsorbents. The calcula-
tions were done using Eqs. (32.1) and (32.2), respectively.

% Removal ¼ ðC0 �CeÞ � 100=C0 (32.1)

qe ¼ ðC0 �CeÞ � V=w (32.2)

Where, C0 and Ce are the concentration of dye in mg L�1 before and after adsorption, V is the
volume of dye solution in L and w is the weight of the adsorbent in g, respectively.

4. Adsorption isotherm studies

The adsorption isotherm plot explains the distribution of concentration of adsorbate mol-
ecules between both the phases (bulk and the adsorbent surface) at a constant temperature.
They may yield several parameters that inform about the pollutant-carbon surface interac-
tions. Langmuir, Freundlich, and Temkin adsorption isotherms were applied to understand
the surface-pollutants interactions involved in the adsorptive removal of the pollutants at the
Ag@AC surface, and the data is represented in Table 32.4.

4.1 Langmuir adsorption isotherm

Langmuir adsorption isotherm usually explains the monolayer adsorption of adsorbate
molecules at the surface of the adsorbent, which is assumed to be a homogenous surface
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in nature with a finite number of equivalent energy sites. The isotherm fails to recognize the
importance of other interactions, e.g., those established between the adsorbed neighboring
molecules and diffusion of the molecules at the adsorbent surface. It is well known that
the Langmuir model generally explains the chemisorption interactions and is beneficial to ex-
press the maximum monolayer capacity (qmax) of an adsorbent for a particular adsorbate. The
two Langmuir isotherm constants KL (Langmuir constant in L mg�1) and qmax (maximum
monolayer adsorption capacity per unit mass of adsorbent) may be derived from the values
of slope and intercept obtained from plotting the linear equation given in Eq. (32.3). The value
of KL yields information about the favorability of the adsorption process through the value of
the separation factor (RL), which is calculated using Eq. (32.4)

Ce

qe
¼ 1

K:qmax

þ Ce

qmax

(32.3)

RL ¼ 1
1þ KLC0

(32.4)

where qe is the adsorption capacity in mg g�1 at equilibrium, and C0 and Ce are the concen-
trations of adsorbates in mg L�1 initially and at equilibrium. RL is the separation factor and its
values ranging between 0 and 1 indicate a favorable adsorption process. In the present study,
RL values were found to be within this range indicating a favorable adsorption process. The
RL value is an important factor that yields information about the feasibility of the adsorption
process. The adsorption process may be favorable (0 < RL <), unfavorable (RL > 1), linear
(RL ¼ 1), or irreversible (RL ¼ 0). The regression coefficient values show that the Langmuir
adsorption isotherm shows the best fit to explain the adsorption of RR dyes at the AC and
Ag@AC carbon surface. The calculated qmax values for RR at the Ag@AC surface are given
in Table 32.4 and are found to be close to the experimental value of 24 mg g�1. This indicates
a monolayer formation of RR at the adsorbent surface, which may be understood from the
high molecular weight and huge molecular structure. The adsorption of other molecules
on the Ag@AC surface had a poor value of the regression coefficient.

4.2 Freundlich adsorption isotherm

Freundlich adsorption isotherm assumes the heterogeneous surface of the adsorbent
resulting from the difference in the energies of the active sites available for the adsorbate
interaction. This results in the different affinities of the sites toward the adsorbate molecules.
The model also considers the weak physical interactions between the neighboring adsorbate
molecules, which may lead to multilayer formation. The linearized Freundlich adsorption
isotherm is indicated in Eq. (32.5)

ln qe ¼ ln KF þ 1
n
ln Ce (32.5)

where, KF (mg g�1 (L mg�1)1/n) is the Freundlich constant and n is a dimensionless quantity
known as the adsorption intensity. The value of ‘n’ indicates the feasibility of the process of
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adsorption in the specified adsorption system, where 0 < 1/n < 1 shows feasible adsorption.
The n > 1 value refers to the unfeasible process of adsorption. The values of 1/n in the cases
of RR-120, RB-04, and Rh-B indicates a favorable interaction at the Ag@AC surface, while the
mechanism behind the Ibu surface interaction remains unclear, which is also clear from their
R2 (coefficient of determination) values. the Freundlich adsorption isotherm holds good in the
case of RB-4 and Rh-B removal by the Ag@AC (Table 32.4).

4.3 Temkin adsorption isotherm

Temkin adsorption isotherm holds well when solutes from solutions have an intermediate
concentration (i.e., excluding solutions with low and high concentrations) adhere to a hetero-
geneous surface. The model takes into consideration the participation of the adsorbate and
adsorbent interactions in the adsorption process. The model assumes a linear decrease in
the heat of adsorption (rather than the exponential decrease) of all molecules present in the
layer, with increasing coverage. The model also represents a uniform distribution of binding
energies up to a certain maximum binding energy.59 The linear equation of the Temkin
adsorption isotherm is given in Eq. (32.6)

qe ¼ B ln KT þ B ln Ce (32.6)

where KT in L g�1 is the Temkin isotherm constant and B is constant and is indicated in Eq.
(32.7).

B ¼ RT
bT

(32.7)

where R is the gas constant (8.314 J mol�1 K�1) and T is the temperature in Kelvin, and bT in J
mol�1 is a constant associated with the heat of adsorption. The positive values of b represent
the endothermic adsorption process, while negative values indicate exothermic interactions.
The values of bT also indicate the types of interactions (physisorption, ion-exchange, and
chemisorption) governing the adsorption process.

From Table 32.4, the positive values of bT indicate endothermic reactions involved in the
removal of all the pollutants at the Ag@AC surfaces. From the R2-values, it may be seen
that the Temkin adsorption isotherm holds good in explaining the Ibu removal at the
Ag@AC surface.

5. Removal of cationic dye

The adsorbent dosage affects the adsorption process by increasing the adsorption sites.
Hence, it is essential to study the effect of the increasing adsorbent dosage on the adsorption
behavior of the material. The removal of Rh-B with the increasing dosage of Ag@AC was
evaluated and results are given in Fig. 32.6. It was observed that w99% removal was
achieved even in cases of low dosage (w2 g L�1). The adsorption isotherm revealed the
type II nature of the adsorption where the adsorbate occupies the mesoporous sites.
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The increase in contact time allows more interaction between the adsorbate and the adsor-
bent surface, thus affecting the adsorption performance of an adsorbent. The carbon-free
filtrate collected after filtration on completion of the specified time interval of shaking was
analyzed spectrophotometrically to calculate the residual dye concentration. A kinetic study
on the removal of Rh-B dye was found to be instantaneous and fast, where maximum adsorp-
tion was obtained in the initial 5 min exposure. Hence, the rate of removal was found to be
constant at the Ag@AC surface at different periods of contact between the adsorbate and the
adsorbent.

6. Removal of anionic dyes

Ag@AC also demonstrated a good decolorizing property against the group of dyes
belonging to the anionic and refractory reactive group of dyes. The effect of increasing adsor-
bent dosage in the removal of two reactive dyes, i.e., RR-120 and RB-4 showed that with

TABLE 32.4 Parameters of the adsorption isotherm for the different targets at the surface of Ag@AC.

Adsorption isotherm constants

RR-120 RB-4 Rh-B Ibu

Experimental outcomes %Removal

Dosage

qe

Langmuir R2 0.996 0.797 0.713 0.03

qmax (mg g�1) 28.52 32.87 29.26 �35.04

KL (g L�1) 0.734 0.26 13.15 �0.12

RL 0.027 0.072 0.002 �0.20

Freundlich R2 0.807 0.965 0.951 0.746

KF ((mg g�1) (L mg�1)1/n) 10.19 7.14 48.83 4.28

1/n 0.422 0.55 0.51 1.50

Temkin R2 0.862 0.850 0.749 0.910

KT (L g�1) 5.66 2.68 51.03 0.002

B 5.05 5.93 4.74 0.91

bT (J. mol�1) 509.94 434.52 543.82 2832.77
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increased dosage, there was an increase in the percentage removal of both the pollutants by
Ag@AC. At lower adsorbent dosage (2e3.5 g L�1) Ag@AC could remove about 93%e98%
and 83%e93% of the RR-120 and RB-4 dyes, respectively. While at higher dosage the perfor-
mance of both dyes was more or less constant. This may be due to the surplus availability of
adsorption sites at a higher dosage for the incoming adsorbates. The maximum removal of
w99%e100% of RR-120 and RB-4 dye was achieved at a 15 g L�1 dosage of Ag@AC. The
maximum adsorption capacity (qe) was found to be 23.24 mg g�1 and 25 mg g�1, respectively
for RR-120 and RB-4 dye (Table 32.5).

7. Removal of ibuprofen

The adsorption study on the surface interaction of Ag@AC on the removal of Ibu showed
that Ag@AC could effectively remove the Ibu molecules from the solution. About 96%
removal of Ibu was achieved at a dosage of 3.5 g L�1. It was observed that with increasing
dosage the percentage removal of Ibu was slightly decreased, which may be due to the
weaker interactions prevailing between the adsorbate molecules and the adsorbent. The
adsorption isotherm pattern (Fig. 32.5) also supports this speculation by indicating multilayer

FIGURE 32.5 Adsorption isotherm plots for the adsorptive removal of pollutants at the Ag@AC surface.
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formation at the Ag@AC surface. The adherence of the layer of Ibu formed at a distance from
the surface may be due to weak physical interactions guided by the concentration gradient of
Ibu from bulk to the surface. Hence, at a higher dosage, some reverse processes might be
prevailing.

TABLE 32.5 Comparative adsorption capacities of commercial adsorbent and Ag@AC.

Target pollutants

Adsorption capacity (mg gL1)

AC Ag@AC

RR 19 25.5

RB 22 24.6

Rh-B 47 47

Ibu e 47

FIGURE 32.6 Application of Ag@AC in removal dyes and PCPPs from aqueous solutions.
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8. Summary

This chapter reports the development of a multifunctional (Ag@AC), which was pre-
pared by fabrication of the surface of the commercially available AC with starch-
stabilized AgNPs. The successful loading along with the physical and chemical properties
of Ag@AC were determined from various sophisticated characterization techniques as dis-
cussed in the chapter. Ag@AC exhibited improved physical properties such as an increased
surface area with well-developed pores and better temperature stability than the nascent
carbon. The HR-TEM images reveal the successful deposition of the dense, metallic AgNPs
on the amorphous and porous carbon substrate. About a 63.4% increase in the surface area
(m2g�1) was observed on the fabrication of the nascent AC to form Ag@AC. The enhanced
surface properties of Ag@AC provided more efficient binding sites for the incoming pollut-
ants, as exhibited from the increased pollutant removal performance. The multifunctional
nature of Ag@AC can be successfully proposed by the experimental evidence of the
removal of organic pollutants like dyes and pharmaceuticals (in batch mode) and literature
that proposes the antimicrobial and other unique properties of AgNPs and nanocompo-
sites. The future work may be directed toward probing this developed material toward
the disinfection of water, adding further to its multifunctional properties. The cationic
dye RhB, anionic dyes RR-120, and RB-4 and a pharmaceutical Ibu were selected for the
present work. The adsorptive removal studies were undertaken and a good removal effi-
ciency with a fast rate of adsorption of all the three dyes and Ibu was observed. Around
2 g L�1, 3.5 g L�1, and 15 g L�1 of Ag@AC were required to achieve maximum removal
of cationic dyes, anionic dyes, and pharmaceutical target compounds. The adsorption
was instantaneous for the Rh-B and Ibu removal requiring nearly 5 min exposure to
remove 99% and 91.1% of the respective initial concentration. The bulky reactive dyes
required 30 min exposure time to achieve maximum removal of both RR-120 and RB-4
dyes. Thus, Ag@AC could effectively remove organic pollutants like dyes and pharmaceu-
ticals through a simple process of adsorption. The probable mechanism, rate, and effect of
experimental conditions like dosage and contact time on the efficiency of Ag@AC surface
were studied. The discussion satisfactorily indicates the multifunctional nature of the
adsorbent prepared by loading silver on the activated carbon, Ag@AC. Hence, silver
loading on AC provides a suitable route to prepare multifunctional adsorbent materials
for effective water purification. The need for the development of multifunctional adsor-
bents with the potential for targeting multiple pollutants is highly demanding in view of
environmental remediation.
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Differential pulse voltammetry (DPV), 180, 547
Differential scanning calorimetry (DSC), 451
Diffused reflectance spectroscopy (DRS), 727
Diffusely adhering E. coli (DAEC), 481e482
Dihydrofolate reductase (DHFR), 480
inhibitors, 479e480

Dihydropteroate synthase (DHPS), 479e480
Dimercaptosuccinic acid (DMSA), 633e634
3-dimercaptosuccinic acid (3-DMSA), 509
Dimethyl formamide, 653e654
7,12-Dimethylbenz[a]anthracene (DMBA), 680
1,3-dimethylxanthine (THP), 551
1,3-dipropyl-8-cyclopentylxanthine (DPCPX), 551
Direct absorption solar collectors (DASC), 239e240
Direct electron transfer (DET), 77
Direct electron-beam lithography of functional

inorganic nanomaterials (DELFIN), 258e259
Direct labeling approach, 503
Direct methanol fuel cells (DMFC), 67e69, 125
schematic representation of, 126f

Direct optical lithography of functional inorganic
nanomaterials (DOLFIN), 258e259

Discolored teeth, 426
Discontinuous reinforcement nanocomposites, 702
Disease progression and complications, 334e335
Disulfide bonds (SS bonds), 384
Disulfide-linked PCL-b-poly(N,N-dimethylamino-2-

ethylmethacrylate) (Disulfide-linked PCL-SS-
PDMA), 385e386

DNA
bricks, 571
DNA-based bionanomaterials, 571
framework-based intelligent nanorobot, 576e577
molecule, 571, 576
origami, 571
tiles, 571

Dodecyl benzene sulfonic acid (DBSA), 28e29
Dopamine, 180
Doripenem, 479
Double emulsion evaporation method, 657
Double-walled carbon nanotubes (DWCNTs), 699
Doxorubicin (DOX), 352, 390e391, 467, 492, 573e574,

673
DOX-loaded MSNs, 555e556

Doxorubicin hydrochloride, 573e574
Drug delivery, 529, 573
agents

conventional methods of DR treatment, 336e341
diabetic retinopathy, 332e334
disease progression and complications, 334e335
limitations of conventional therapy, 341
nanomaterials for treatment of DR, 342e348
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nanoparticles in ocular delivery, 341e342
nanotechnological approaches to treat DR,

348e352
toxicity of nanoparticles in retinopathy, 353e354

significance of nebulizer-spray for drug delivery
against SARS viral infection reference to
nCOV-2, 446e447

Drug delivery systems (DDSs), 5, 253e254, 365e366,
378, 389, 475, 655

Drugs, 348
Dry methods, 204
Dry milling methods, 449
Dye sensitized solar cells (DSSC), 99
Dyes, 764
Dynamic light scattering (DLS), 550e552, 657e659
Dzyaloshinskii-Moriya (DM), 44e45

E
E protein, 445
Easy-Quick-Unique-Intelligent-Aesthetic system

(EQUIA system), 416
Eco-friendly method, 489
Ecoflex-0030 elastomer, 161
Edentulism, 425e426
Edentulousness, 425e426
EDX analysis results, 772
Efflux Pumps, 602
Elastin-like polypeptide (ELP), 630e631
Elastomeric foam, 144

classification of, 145e147
closed cell foams, 145
open cell foams, 145

different types of elastomeric foam for energy
application; energy devices, 149e159

aerospace equipment, 159
appliances, 158
chlorinated polyethylene/chlorinated PVC-based

foam, 156e158
elastomeric nanoclay-based foam, 151e152
ethylene propylene diene terpolymer-based foam,

151
insulation, 158
packaging, 159
poly dimethylsiloxane based foam, 150e151
polyethylene based foam, 158
PUF, 154e156
silica reinforced poly siloxane 3-D-based foam,

152e153
supercritical Co2-based foam, 153e154

elastomeric foams in energy devices, 159e161
nonlinear stress-strain behavior of, 147e148

Elastomeric hydrogel, 220
Elastomeric nanoclay-based foam, 151e152

NR/NC/NCB hybrid nanocomposite foams, 152t
Elastomers, 199
nano-hydroxylapatite modified elastomeric systems,

211e223
need of fine tuning of, 199e202

arrangement of nanoparticles, 200f
polymer nano-composites, 201f

promising filler for, 202e204
structure and dispersion behavior of hydroxylapatite

nanoparticles, 206e208
surface modification of hydroxylapatite

nanoparticles, 209e210
synthesis strategies for n-HA, 204e206

Electrical double layer capacitors (EDLC), 83e85, 160,
178e179

carbon nanotubes and related materials in, 84
carbon-based materials in, 85
graphene and related materials in, 84e85

Electrical double-layer (EDL), 170
Electroactive polymeric type (EAPs), 160e161
Electrocatalysts, 172e173
Electrocatalytic water splitting, 59e60
Electrochemical energy generator, 67
Electrochemical hydrogen desorption reaction, 60
Electrochemical immunoassay techniques, 289e290
Electrochemical impedance spectroscopy (EIS), 185,

547
Electrochemical sensing applications, functionalized

polyaniline nanocomposites for, 179e183
Electrochemical sensors (EC sensors), 178
Fe3O4-SWCNTs in, 289e290

Electrodes, 84
Electrolytes, 171e172
Electromagnetic (EM), 11, 236
energy, 12
waves, 11, 236

Electromagnetic induction, 11
Electromagnetic power (EM power), 20
Electromagnetic radiation (EM radiation), 17e18
Electromagnetic shielding, 2
Electromagnetic static discharge (ESD), 161
Electromechanical applications, Fe3O4-SWCNTs in,

288e289
Electron microscopy, 727e728
Electronic cooling, 235
Electrospinning, 168e169
as method for fabrication of membranes, 740e742

parameters, 742
process, 6

Electrospun membranes, 740e741
nanoparticles to enhance performance of, 744e757

carbon nanomaterials, 747e750
metal-metal oxides, 753e754
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Electrospun membranes (Continued )
MOF, 757
SiNPs, 744e747

Electrostatic interaction, 568e570
Elementary fibrils, 299e300
Emerging applications of nanofluid, 233e243
EMI shielding
garnets for, 22e23
hexaferrites for, 18e22
hybrid nanostructures of ferrites for, 23e33
mechanism of, 12e13

losses in conducting materials, 12
losses in dielectric materials, 12
losses in magnetic materials, 12e13

radar absorbing and, 155
spinel ferrites for, 13e18

Emodin, 440e441
Emulsification/solvent diffusion (ESD), 623
Emulsion solvent evaporation, 657
double emulsion evaporation method, 657
single evaporation method, 657
technique, 450

Endogenous neuroprotectants, 348e349
Energetic materials (EMs), 252e253
Energy applications, 247
Energy devices, 3, 149e159
elastomeric foams in, 159e161

Energy generation, 58e82
enzyme fuel cells, 77e82
fuel cells, 67e77
production of hydrogen through water splitting,

58e66
Energy storage, 82e86
devices, 178e179, 178f
EDLC, 84e85
functionalized polyaniline nanocomposites for

energy storage applications, 183e190
pseudocapacitors, 85e86
systems, 169

Energy usage, 169
Engineered protein assemblies, 570e571
Enhanced permeation and retention effect (EPR

effect), 366e367, 661
Enteroaggregative E. coli (EAEC), 481e482
Enterobacter spp., 482
E. cloacae, 489

Enterobacteriaceae, 481e483
Enterococcus faecium, 480, 483
Enterohemorrhagic E. coli (EHEC). See Shiga toxin-

producing E. coli (STEC)
Enteroinvasive E. coli (EIEC), 481e482
Enteropathogenic E. coli (EPEC), 481e482
Enterotoxigenic E. coli (ETEC), 481e482

Envelope proteins (E proteins), 437e438
Environmental pollutants, 694
polyaniline-based electrochemical sensors for,

181e183
Enzymatic electrochemical sensor, 290
Enzymatic fuel cell (EFC), 77
Enzymatic vitreolysis process, 340
Enzyme fuel cells, 77e82
structure of enzymes, 78e82

Enzyme-based biosynthesis, 620e621
Enzyme-linked immunosorbent assay (ELISA), 694,

696
Enzyme-linked lectin assay, 547
Enzyme-linked lectinosorbent assays (ELLA),

549e550
Enzyme-responsive self-assembled nanocarriers,

376e380
Epigallocatechin 3-gallate, 441e442
Epigallocatechin gallate, 339, 438
Epithelial cell adhesion molecule (EpCAM), 682
Ertapenem, 479
Erythromycin, 477
Escherichia coli, 481e482, 489e490, 492e493, 696
Etanercept, 338e339
Ethanol, 653e654
Ethyl isocyanate acetate (EIA), 210
Ethylene glycol, 234
ethylene glycol/water, 234

Ethylene glycol methacrylate phosphate (EGMP), 210
Ethyleneepropyleneediene terpolymer (EPDM), 151
Eucalyptus globules, 491
Eugenol, 438
European Commission (EC), 697
Europium doped nanoparticles, 555
Exfoliated black phosphorous (EBP), 65
Exfoliated tungsten disulfide (E-WS2), 138e139
Exogenous stimuli-responsive self-assembled

nanocarriers, 388e401
Exopolysaccharide (EPS), 488
Expanded graphite (ExGP), 186, 252e253
Extended spectrum beta-lactamases (ESBLs), 476e477,

491, 627
External quantum efficiency (EQE or ƞ), 269e270
External stimuli of tumor, 366
Extracellular matrices (ECMs), 585e586
Extracellular polymeric substances (EPS), 595, 598
Extraintestinal pathogenic E. colii (EXPEC), 481e482

F
FE-SEM analysis results, 772
Feed additives, nano-minerals as, 530e535
Ferric oxides, 13e15
Ferrites, 12

Index796



hybrid nanostructures of ferrites for EMI shielding,
23e33

core-shell nanostructures, 32e33
nanostructures with carbonaceous materials,

23e28
nanostructures with conducting polymers, 28e32

Ferritin, 508e509
Ferrous oxides, 13e15
Fiber supercapacitor device (FSC), 189
Field-effect transistor (FET), 180
Figures of merits for photodetectors, 269e270

EQE or ƞ, 269e270
response/recovery time, 270
responsivity, 270

First-generation tetracyclines, 480
Fischer-Tropsch Synthesis (FTS), 287
Flat plate solar collectors, 239e240
Flavin adenine dinucleotide cofactor

(FAD/FADH2), 78
Flexible composite aerogel, 14
Florfenicol, 479
Fluocinolone acetonide (FA), 349
Fluorescein isothiocyanate (FITC), 378, 515,

555e556
Fluorescence Excitation Microscopy (FEM), 499e500
Fluorescence Recovery/Redistribution After

Photobleaching (FRAP), 499e500
Fluorescence Resonance Energy Transfer (FRET),

499e500
Fluorescence resonance energy-based detection, 503
Fluorescently-labeled mesoporous silica nanoparticles

(Fluorescently-labeled MSNs), 555e556
Fluorocarbon based membranes, 128
Fluorocarbon membrane, 129
Fluoropolymers, 744e745, 750
Fluoroquinolones, 478, 485
Fluoroscein isothiocyanate (FITC), 101
Foam-core/solid-shell spherical (FSS), 158
Folate (FA), 253e254
Folic acid (FA), 630
Food and Drug Administration (FDA), 448e449, 467,

549, 655
Foreign body giant cells (FBGCs), 467
Fossil fuel, 169
Fouling, 744
Fourier Transform Infrared (FTIR), 526, 771
Fragilaria sp., 104

F. biceps, 104
Freundlich adsorption isotherm, 777e778
Fuel cells, 67e77, 125

carbon-based materials for MOR, 69e73
carbon-based materials for ORR, 73e77
DMFC, 67e69

Fuel-free flexible magnetic nickelesilver nano-
swimmers, 575

Full width at half maximum (FWHM), 46
Fullerenes, 506e507
and related structures for MOR, 72

Functionalized fullerenes, 506e507
Functionalized nanoparticles, 529e530
Functionalized polyaniline nanocomposites
for electrochemical sensing applications, 179e183

polyaniline-based electrochemical sensors for
biomolecules, 179e181

polyaniline-based electrochemical sensors for
environmental pollutants, 181e183

for energy storage applications, 183e190
polyanilineecarbon nanotube composites for

supercapacitor applications, 185e186
polyanilineegraphene composites for

supercapacitor applications, 183e185
polyanilineeMOF composites for supercapacitor

applications, 187e188
polyanilineetransition metal oxide composites for

supercapacitor applications, 188e190
fundamental principles, 178e179

EC sensors, 178
energy storage devices, 178e179

Fungi, 620
Furin, 444e445
Furin proproteinconvertase, 439

G
G-carbon nitride, 59e60
Gadolinium (Gd), 515
Gadolinium hexanedione NPs (GdH-NPs), 514
Gadolinium oxide (Gd2O3), 23
Gadolinium-based NPs, 514e515
Galantamine, 440e441
Galvanic replacement method, 724e725
Galvanostatic charge-discharge studies (GCD), 185
Garnets for EMI shielding, 22e23
Gd-based metallofullerenes (Gd-MF), 507
Gemcitabine (GEM), 671e672
Gene delivery, 342, 349
Gene therapy, 341, 351
Generally regarded as safe (GRAS), 448
Genitourinary tract infections, 486
Gentamicin, 478, 483
Gestational diabetes, 330
Gingerols, 441e443
Glass, 318
Glass transition temperature (Tg), 220
Glass-ionomer cement (GIC), 416
Glassy carbon electrode (GCE), 182e183
Glial cells, 331e332
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Global antibiotic research and development
partnership (GARDP), 475

Global antimicrobial resistance surveillance system
(GLASS), 475

Glucoraphanin, 442e443
Glucose, 338
glucose-based fuel cell, 77e78

Glucose oxidase (GOx), 77e78
Glutathione peroxidase (GPX), 535
Gly-Phe-Leu-Gly (GFLG), 378
Glycan linked AuNps, 552e553
Glycolipids, 549
Glycopeptides, 477
Glycoproteins, 549
Glycylcyclines, 480
Glycyrrhizin, 438, 440e441
Gold, 625
Gold nanoparticles (GNPs), 247e248, 342e343, 426,

463, 487e488, 509e511, 549e553, 633, 697
glycan linked AuNps, 552e553
lectin linked AuNps, 550e552

Gold nanorod (GNR), 630e631
Good Manufacturing Practice (GMP), 656
GPLGVRGDG peptide sequence, 378e380
Graft copolymers, 131
Gram-negative bacilli, 477
Granzyme B (GrB), 374
Graphene (Gr), 59e60, 65e66, 155, 252e253, 265e266,

281, 464, 504, 700, 750
composites for supercapacitor applications,

183e185
and related materials in EDLC, 84e85
and related materials in pseudocapacitors, 86
and related structures for MOR, 70e71

mechanism for synthesis of catalyst, 71f
and related structures for ORR, 75e76

Graphene fullero pyrrolidone hybrid, 72
Graphene nanowalls (GNWs), 84e85
Graphene oxide (GO), 13, 137e138, 159, 179e180,

183e184, 252e253, 464, 504, 750
Graphene quantum dots (GQD), 183, 750
Graphene sheets (GSs), 65
Graphene-based materials (GBMs), 65e66, 68e69,

467
doping and hybrids of graphene applied for HER,

66f
Graphitic carbon nitride (g-C3N4), 61
Green chemical-focused solar radiation, 282e283
Green synthesis, 618
of copper nanoparticles, 491

Grotthus mechanism, 126e127
Guided mode resonance (GMRs), 102e103
Gum Arabic stabilized gold NPs, 510e511

H
Haber process, 713
Haemophilus influenzae, 480
Helicobacter pylori, 480, 484, 596
Hemagglutinins (HA), 552e553
Hematite, 282e283
Hemolytic uremic syndrome (HUS), 481e482
Hemorrhagic colitis (HC), 481e482
Hepatitis B surface antigen (HBsAg), 204
Hepatocellular carcinoma (HCC), 551e552
Here cooling process, 234
Hesperidin, 441e442
Heteroatom codoped graphene, 66
Heterogeneous catalysis, 713e714
advantages, 713e714
disadvantages, 714

Heterojunction photodetectors (HJPDs), 273
Heteropolyacids (HPAs), 131e134
Hexaferrites for EMI shielding, 18e22
barium based ferrites, 18e20
strontium-based ferrites, 20e22

Hexagonal ferrites, 18
Hexamethylene diisocyanate (HMDI), 210
High energy ball milling (HEBM), 526
High resolution-TEM (HRTEM), 727
High temperature process, 206
High-intensity focused ultrasound (HIFU), 507
High-pressure homogenization, 449e450, 623
High-purity metallic chitosan-copper nanoparticles,

491
High-resolution TEM analysis (HR-TEM analysis),

772e773
HITACHI TG/DTA 7200, 771
Hole-transport layer (HTL), 255
Hollow orthodontic wires, 420e421
Homogeneous catalysis, 713e714
advantages, 713e714
disadvantages, 714

Horizontal Gene Transfer, 602
Horse radish peroxidase (HRP), 78
Hospital-acquired pneumonias (HAPs), 482
Host cell surfaced receptor, 443e445
Hounsfield Units (HU), 510e511
Human bone marrow derived mesenchymal stem

cells (hBM-MSC), 509
Human cardiac troponin-T, 585
Human dermal microvascular endothelial cells

(HMEC-1), 676
Human epidermal growth factor receptor-2 (HER2),

670
Human immunodeficiency virus (HIV), 443
Human mesenchymal stem cells (hMSCs), 509, 514,

586e587
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Human monocyte derived macrophages (HMMs),
204

Human serum albumin (HSA), 582
Human telomerase reverse transcriptase (hTERT),

676
Huntington’s disease, 500
Hyaluronan. See Hyaluronic acid (HA)
Hyaluronic acid (HA), 185e186, 670e671, 695e696
Hybrid composites, 290
Hybrid nanofluids, 235, 240
Hybrid nanomaterials, 1
Hybrid nanoplatform (HNP), 553
Hydrocarbon membranes, 129
Hydrocarbon PEMs, 129e130
Hydrocarbon-based composite membrane, 136e137
Hydrochlorofluorocarbons (HCFCs), 144
Hydrofluorocarbons (HFCs), 144
Hydrogen, 67

adsorption reaction, 60
bonding, 568e570
production, 59
production of hydrogen through water splitting,

58e66
carbon nanomaterials for water splitting reactions,

61e66
photoelectrochemical cell for water splitting, 59f
types of water splitting reactions, 59e61

Hydrogen cyanide (HCN), 713
Hydrogen evolution rate (HER), 59e60
Hydrogen peroxide (H2O2), 181, 421, 713
Hydrogen sulfide (H2S), 713
Hydrolysis-susceptible aliphatic polyesters, 371e372
Hydrophobic groups, 449
Hydrophobic linear aliphatic polyesters, 368
Hydrophobic polymers, 740e741

blocks, 392
Hydrothermal synthesis, 286
Hydroxyapatite (HA), 255e256, 258

nano-crystals, 419
Hydroxycamptothecin (HCP), 253e254
Hydroxyl ethyl cellulose (HEC), 449
Hydroxyl propyl methylcellulose (HPMC), 450
Hydroxyl-terminated polybutadiene (HTPB),

390e391
Hydroxylapatite (HA), 202e204

components of bone, 202f
nanoparticles
structure and dispersion behavior of, 206e208
surface modification of, 209e210

Hydroxypropyl cellulose (HPC), 449
Hydroxypropyl methylcellulose (HPMC), 449
Hyper spectral imaging, 499e500
Hypericin, 441e442

Hyperlipidemia, 338
Hypodontia, 421

I
Ibuprofen (Ibu), 764e766
removal of, 780e781

Imaging, 527
contrast agents, 501

Imipenem/cilastatin, 479
Immuno-assay, 584
Immuno-liposomes, 584
Immuno-sensors, 289e290, 584e585
Immunology, 527e528
Immunotherapy, 632e634
Impregnation method (IM method), 312
In vivo models, 610
Indirect labeling, 503e504
Indium tin oxide (ITO), 256e257
Induced currents, 12e13
Inductively coupled plasma (ICP), 514
Industrial cooling, nanofluids for, 234e235
Infliximab, 338e339
Influenza coronavirus, phytopharmaceuticals for

treatment of respiratory viral infection like,
441e442

Infrared (IR), 256e257
Inhibitors of aldose reductase (ARI), 332, 338
Inorganic composites, 290
Inorganic fillers, 137
Inorganic nanomaterials, 4, 131e134, 257
HPA, 132e134
metal oxides, 134
solid acids, 134
zirconium phosphate, 131e132

Inorganic nanoparticles, 247, 418
Interagency coordination group on antimicrobial

resistance (IACG), 475
Internal stimuli
internal stimuli-responsive self-assembled

nanocarriers, 371e388
of tumor, 366

Intranasal drug delivery systems, component system
for, 452

Intravitreal delivery systems, 349e350
Intrinsic magnetocrystalline anisotropy field, 18
Invasive dentistry, 411
Iodine (I), 530
Ionic liquids (IL), 168e169, 183
Iridium oxide (IrO2), 189e190
Iron (Fe), 530
atom’s magnetic moments, 283
based nanomaterials, 508e509
iron-based catalysts, 287e288
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Iron cobalt (FeeCo), 463
Iron oxide nanoparticles (IONs), 282, 491e492, 508,

627e628
Iron oxides (Fe3O4), 288e289, 491e492, 625
like Fe3O4, 282e283
iron oxide-SWCNTs composites, 283e287

Fe2O3-SWCNTs composites, 284
Fe3O4-SWCNTs composites, 284e287

magnetic behavior of, 283
Iron-nickel (FeeNi), 463
Iron-platinum (FeePt), 463
Iron(III) oxide, Fe2O3-SWCNTs composites, 284
Ischemia, 335
Isocyanatoethyl methacrylate (ICEM), 210
Isolated chitin, 304
Isopropyl myristate (IPM), 556
Isoquercetin, 441e442

J
Johnson noise, 271

K
Keggin structure, 132e134
Ketolides, 477
Klebsiella pneumonia, 482, 489
Koop’s phenomenological theory, 52
Kubelka-Munk function, 48

L
Lab on chip (LOC), 99e103
devices, 96

Laccase (LAc), 78
Lactobacillus sporogens, 490
Landau theory, 44
Langmuir adsorption isotherm, 776e777
Laser diffractometry analysis (LD analysis), 450e451
Laser induced graphene (LIG), 159
Laser photocoagulation, 336
Laser techniques, 336
Laser treatment, 336
Laser writing process, 159
Laser-ablation method, 699e700
Layer-by-layer (LbL), 17e18
approach, 582e583
assembly, 573e574, 610e611
protein architectures, 582e583

Lectin-based Drug Delivery Systems (Lectin-based
DDSs), 545e546

Lectin-conjugated Fe2O3@Au NPs (lectineFe2O3@Au
NPs), 554

Lectins, 543e547, 557
lectin-carbohydrate interactions, 547
lectin-linked nanoparticles, 549e558

europium doped nanoparticles, 555
gold nanoparticles, 550e553
liposomes, 557e558
MNP, 554e555
PLGA nanoparticles, 556
QD, 557
silica NPs, 555e556
silver nanoparticles, 553e554

lectin-mediated bioadhesion, 545e546
lectin-targeted nanomaterials, 5
linked AuNps, 550e552
microarrays, 547
nanoparticles as potential therapeutic agents,

548e549
Leucojum vernum, 555
Leukemia, 674
Ligands, 549, 584e585
immuno-liposomes, 584
immuno-sensors, 584e585

Light irradiation, 394
Light-emitting diodes (LEDs), 111, 313e314
Light-responsive self-assembled nanocarriers,

394e399
Light-weight shatter-proof windows, 320
Lignin, 167
Limit of detection (LOD), 179e180
Linearized Freundlich adsorption isotherm, 777e778
Lipid nanoparticles, 342, 345e346
lipid carriers, 346

Liposomal nanocarriers, 622e624
Liposomes, 346, 464e465, 467, 557e558, 624,

629e630
Lippiacitriodora, 622
Liquefied natural gas, 238e239
Liquid electrolyte batteries, 172
Liquid metal (LM), 160
alloy, 161

Liquid metal elastomer foams (LMEF), 160
Liquid-driven coflow focusing (LDCF), 677
Lithium ion batteries, 67, 171
Live diatom cells, 96
Liver cancer, 680e681
Local treatment for managing diabetic retinopathy,

340e341
enzymatic vitreolysis, 340
gene therapy, 341
stem cell therapy, 341

Localized surface plasmon resonance (LSPR), 552,
714e715

Lower crystallographic symmetry, 206e207
Lung cancer, 676
Luteolin, 339
Luting cements, 423
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LuxI/LuxR-based quorum sensing system, 601
Lycorine, 440e442
Lysozyme-capped Au NCs (Lys-Au NCs), 626e627

M
Machining process, nanofluids for, 236e238
Macro-minerals, 530
Macrolide, 485
Macrolides, 477
Macrophage galactose-type lectin (MGL), 555
MagA, 508e509
Maghemite (g-Fe2O3), 282e283, 399
Magnesium (Mg), 530
Magnesium oxide (MgO), 625

nanoparticles, 492e493
Magnet-directed nanoparticles, 426e427
Magnetic carbon nanocages, 699
Magnetic eddy current, 12e13
Magnetic field, 12
Magnetic glyco-nanoparticle-based system

(MGNP-based system), 554
Magnetic graphene oxide-titanate composites

(MGO-TNs), 695, 697
Magnetic iron oxide nanoparticles (MIONPs), 678
Magnetic materials, losses in, 12e13
Magnetic nanomaterials, 2, 4, 575
Magnetic nanoparticles (MNPs), 242, 248e249, 259,

345, 554e555
in disease treatments, 468e469

Magnetic resonance imaging (MRI), 399, 462,
499e500, 509, 527, 630e631

Magnetic SWCNTs nanocomposites, 283
Magnetic-responsive self-assembled nanocarriers, 399
Magnetically responsive nanoparticles (MNPs), 529
Magnetite (Fe3O4), 282, 285, 399

Fe3O4-SWCNTs in biofuels, 287e288
Fe3O4-SWCNTs in electrochemical sensors, 289e290
Fe3O4-SWCNTs in electromechanical applications,

288e289
nanomaterials, 4

Magnetite-SWCNTs composites (Fe3O4-SWCNTs
composites), 284e287

applications of, 290, 290t
Bi-component magnetite-SWCNTs, 286
Fe3O4-SWCNTs aerogels, 286
multi-component magnetite-SWCNTs, 287

Magnetization, 14
Magneto-aerotactic bacteria, 575e576
Magneto-resistive (MR), 259
Magnetoelectric coupling (ME coupling), 43e44

coefficient, 53
properties, 52e53
schematic diagram, 44f

Malocclusion, 419e421
Malondialdehyde (MDA), 535
Manganese (Mn), 249, 530
Manganese dioxide (MnO2), 713
Manganese ferrite (MnFe2O4), 17e18
Manganese oxides (Mn-oxides), 189, 249
Manganese-based ferrites, 17e18
Mangiferin, 346
Mannan-binding proteins (MBP), 545
Mass spectrometry (MS), 547
Maxillofacial cancer, 427e428
Maxillofacial surgery, 427
Maxillofacial trauma, 426e427
Maxwell stress, 216e218
Media milling method, 449
Mediated electron transfer (MET), 77
Medical applications, 253e254
Medical biofilms, 602e604
Medical devices, 596
complications in, 602e604

Meloxicam, 338e339
Membrane distillation (MD), 737e739
configurations, 739
electrospinning as method for fabrication of

membranes, 740e742
nanoparticles incorporated electrospun membranes

for, 744
nanoparticles to enhance performance of electrospun

membranes, 744e757
process, 6
state-of-the-art research in, 739

Membrane electrode assembly (MEA), 125
Membrane proteins (M proteins), 437e438
Membranes, 737
Mercaptobenzoic acid (MBA), 102e103
Mercury (Hg), 713
Merocyanine (MC), 395e397
Meropenem, 479
MERS coronavirus, phytopharmaceuticals for

treatment of respiratory viral infection like,
441e442

Mesoporous silica nanoparticles (MSNs), 515, 548
Mesoporous Zirconiumphosphate (MZP), 136
Metal alloys, 462e463
Metal and metal oxide nanoparticles for

antimicrobial therapy, 624e629
Metal based inorganic nanomaterials, 249e252
Metal complexes, 504
Metal matrix nanocomposites (MMNC), 702
Metal nanoparticles, 249e250
Metal organic frameworks (MOFs), 70e71, 187e188,

252
Metal oxide nanoparticles (MO NPs), 617e618
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Metal oxide photocatalyst, 718e719
Metal oxides, 134, 240, 463
nanoclay, 134

Metal-based nanoparticles (MBPs), 250, 700
Metal-based nanostructures in onedimensional

carbon nanotubes (M@CNTs), 249e250
Metal-doped carbon nitrides, 62
Metal-metal oxides, 753e754
Metal-organic framework (MOF), 757
Metal-oxide-semiconductor capacitor (MOSCAP), 112
Metal-semiconductor photocatalysis, 722e724
enhanced photocatalytic activity of bimetallic

deposited TiO2 photocatalyst, 723e724
Metal-SWCNTs composites, 282e283
Metaleair batteries, nanocellulose for, 172e173
Metallic nanoparticles, 462e463
Metals-based nanomaterials (MBNs), 700e701
Metalesemiconductoremetal PDs (MSM PDs),

272e273
Methane, 238e239
Methane sulfonate (MS), 137
Methanol, 653e654
Methanol oxidation reactions (MOR), 68e73. See also

Oxygen reduction reactions (ORR)
carbon nitrides and related structures for, 72e73
CNTs and related structures for, 69e70
fullerenes and related structures for, 72
graphene and related structures for, 70e71

Methicillin-resistant Staphylococcus aureus (MRSA),
484, 491e493

Methotrexate (MTX), 672e673
Methoxy PEG (mPEG), 378
2-[4-(2-methylpropyl)phenyl] propanoic acid,

768e769
Micelles, 467
Micro channel Efficiency (M.E), 113e114
Micro-Hall biosensors (mHall biosensors), 259
Micro-minerals, 530
Micro-structured elastomers, 156
Microalgae, 96, 110e111
Microaneurysms, 333e334
Microarray, 578
Microbial biofilms, 596
Microbial biosynthesis, 619e620
bacteria and actinomycetes, 619e620
fungi and yeast, 620

Microbial fuel cells (MFC), 77e78
Microbubble (MB), 681
Microcellular polymeric foams, 145
Microelectromechanical systems (MEMS), 96e98, 150
diatoms in, 96e99

Microemulsion process, 514
Microfibrils, 299e300

Microfluidic diatom analytical device (mDAD), 101
Microfluidics (MF), 99
algal phobioreactors, 110e111
cell culture, 107
chambers, 112

to harvest diatoms, 111e116
devices, 3
nanoengineering diatoms in microfluidic lab on chip

devices
diatom template and microfluidics, 100e103
diatoms in MEMS, 96e99
diatoms in microfluidics, 99
high throughput screening and cell sorting of
diatoms in microfluidics, 107e116

integrated hypothesis, 116e117
microfluidic cell culture, 107

Microorganisms, 526e527
Microspheres (Ms), 676, 678
Microwave absorption, 17
Microwave frequency, 12
Minerals
in animal nutrition, 530e535

nano-minerals as feed additives, 530e535
nanoparticle synthesis, 527

Minimum bactericidal concentration (MBC), 488
Minimum inhibitory concentration (MIC), 475, 627
Minimum Quantity cooling lubricant (MQCL),

236e238
Minimum Quantity Lubricant (MQL), 236e238
Mitochondrial membrane potential (MMP), 630
Molecular beam epitaxy (MBE), 266
Molecular dynamics (MD), 621e622
Molecular self-assembly, 368
Molecular weight, 655e656
Molybdenum (Mo), 717
Molybdenum disulfide (MoS2), 170
MoS2 based nano heterostructures, 266

Molybdenum oxide (MoO3), 189
Mono/bimetallic-TiO2 nanocomposites, synthesis of,

726
Monoclonal antibody (MAb), 678e680
Monocrystalline iron oxide (MION), 509
Montmorillonite (MMT), 134, 135f, 200e201
Moore’s law, 235
Morganella spp., 483
M. morganii, 483

Mucosa associated lymphoid tissue (MALT), 484
Multi-component magnetite-SWCNTs, 287
Multicopper oxidase (MCO), 78
Multidrug resistance (MDR), 5, 624e625, 677e678
antibiotic resistance, 476
major antibiotic-resistant bacterial species,

480e487
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major classes of antibiotics and mode of action,
476e480

aminoglycosides, 478
amphenicols, 479
ansamycins, 478e479
carbapenems, 479
cephalosporins, 476e477
glycopeptides, 477
macrolides and ketolides, 477
nitrofurantoins, 480
polymyxins, 477e478
quinolones, 478
sulfonamides, dihydrofolate reductase inhibitors,

and combinations, 479e480
tetracyclines, 480

nano-particles for combating antibiotic resistance,
487e493

copper oxide nanoparticles, 491
gold nanoparticles, 487e488
iron oxide, 491e492
magnesium oxide nanoparticles, 492e493
silver nanoparticles, 488e490
titanium dioxide, 492
zinc oxide nanoparticles, 490

Multiferroic materials, 43e44
schematic diagram, 44f

Multiferroicity, 44
Multifunctional carbon-based silver nanocomposites,

765e766
adsorbent characterization, 771e776
adsorption isotherm studies, 776e778
adsorption studies, 776
multifunctional adsorbents, 766e768
preparation of Ag@AC, 770
removal of anionic dyes, 779e780
removal of cationic dye, 778e779
removal of ibuprofen, 780e781
target pollutants, 768e770

Multifunctional materials or composites (MFM/C),
766e767

Multifunctional nanomaterials, 1, 247
Multiple metabolic pathways, 333
Multistage flash distillation (MSF distillation), 739
Multiwall carbon nanotubes (MWCNTs), 13, 17e18,

63, 160, 183, 281, 506, 699, 747
Musa paradisiaca, 626e627
Mycobacterium smegmatis, 492
Mycotoxin, 695
Myelin disorders, 500

N
N protein, 445
n-HA/poly dimethyl siloxane (n-HA/PDMS), 218

N-heterocyclic carbene (NHC), 549
n-hexadecylamine (HDA), 670e671
N-Isopropylacrylamide-methacrylic acid

(NIPAAm-MAA), 676
(N-methylpyrrole-co-pyrrole) copolymer, 31
Nafion, 125e126
Nafion-based nanocomposites, 135e136
Nano calcium, 531
Nano calcium carbonate (CaCO3), 531
Nano colloidal spray suspension, SARS-nCoV-2 drug

targets and management via, 445e446
Nano composite membrane, 3
Nano copper, 532
Nano emulsion method, 288e289
Nano filler, 208
Nano hydroxylapatite
synthesis strategies for n-HA, 204e206

dry methods, 204
high temperature process, 206
synthesis from biogenic sources, 206
wet methods, 205

Nano iron (Nano Fe), 533e534
Nano particles, 199
Nano selenium, 534e535
Nano silver, 535
Nano zinc, 532e533
Nano-based carbon black (NCB), 151
Nano-based sensor, 697
Nano-bio materials, 418
Nano-coatings of biomaterials, 466e467
Nano-CUR, 677e678
Nano-fillers, 415
Nano-hydroxyapatite crystals (nHA crystals), 412
Nano-hydroxylapatite modified elastomeric systems,

211e223
Nano-silver fluoride (NSF), 413
Nano-thin films, 266
Nano-topography, 466e467
Nano-vaccination, 632e634
Nanobioimaging, challenges of bioimaging and

emergence of, 499e500
Nanobiomaterials, 247e248
Nanobots, 469e470
Nanocarrier-based ocular drug delivery, 351e352
Nanocellulose vehicle (NCV), 320
Nanocelluloses, 3, 167, 169, 256, 299, 312
fabricated solar cell, 173e174
fibers, 170
for metaleair batteries, 172e173
nanocellulose-based polymer composites

cellulose-based separators and electrolytes,
171e172

cellulose-based supercapacitors, 170e171
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Nanocelluloses (Continued )
methods for nanocellulose isolation, 168e169
nanocellulose fabricated solar cell, 173e174
nanocellulose for metaleair batteries, 172e173
nanocellulose-based functional materials energy

applications, 169
nanocellulose-reinforced nanocomposites, 306
preparation, 299e302

of CNCs, 301e302
of CNFs, 299e301

Nanochitins, preparation of, 302e305
preparation of ChNCs, 305
preparation of ChNFs, 303e304

Nanoclay (NC), 134, 151, 288e289
Nanoclusters, 415
Nanocomposites, 297, 415, 424
membrane for DMFC

composite membranes, 135e139
inorganic nanomaterials, 131e134
polymer electrolyte membranes, 127e131
proton transport mechanism, 126e127

sulfonated hydrocarbons membranes, 136e137
Nanocrystals, 299
Nanodiamonds (NDs), 504, 699e700
Nanoemulsions, 347
Nanoferrites, 2
garnets for EMI shielding, 22e23
hexaferrites for EMI shielding, 18e22

barium based ferrites, 18e20
strontiumebased ferrites, 20e22

hybrid nanostructures of ferrites for EMI shielding,
23e33

mechanism of EMI shielding, 12e13
losses in conducting materials, 12
losses in dielectric materials, 12
losses in magnetic materials, 12e13

spinel ferrites for EMI shielding, 13e18
cobalt based ferrites, 16e17
ferric and ferrous oxides, 13e15
manganese-based ferrites, 17e18
nickel-based ferrites, 15e16

Nanofibers, 168e169, 218, 415
transparent nanocomposites reinforced by

individualized nanofibers, 305e314
Nanofibrillated cellulose, 167
Nanoflooding, 236
Nanofluids, 3
application of, 233e243

nanofluid for solar energy harvesting applications,
239e241

nanofluids for carbon dioxide capture, 241e242
nanofluids for improving natural gas storage,

238e239

nanofluids for industrial cooling, 234e235
nanofluids for machining process, 236e238
nanofluids for oil recovery, 235e236
role of nanofluids in safe surgery and sensing
applications, 242e243

constituents of nanofluid, 231f
emerging applications of, 231
tuning application of, 232, 232f

Nanogels, 347
Nanoliposomes, 346
Nanomaterials (NMs), 57e58, 248, 252, 285, 461,

567e568, 586, 617, 695e697
nanomaterials-based sensors, 247e248
for treatment of DR, 342e348

CD, 347
dendrimer, 348
nanoemulsions, 347
nanogels, 347
nanoliposomes, 346
nanomicelles, 347
nanoparticles, 342e346
niosomes, 346e347
QDs, 348

types or categories, 698e702
used for cell labeling/bioimaging applications,

504e515
Nanomedicine, 365, 529
Nanometric cellulosic fibers, 299
Nanomicelles, 347
Nanominerals, 526, 530
as feed additives, 530e535

chromium, 535
nano calcium, 531
nano copper, 532
nano iron, 533e534
nano selenium, 534e535
nano silver, 535
nano zinc, 532e533

toxicological effects of, 536e537
Nanoparticles (NPs), 4, 22, 134, 151, 240e241, 247,

250e251, 332, 342e346, 350, 411, 462, 475,
500e501, 504, 525, 544, 617, 671e672, 694, 701,
722e723, 765e766

in animal production, potential application of,
529e530

application, 702
bio-medical applications of, 527e529
cerium oxide, 344e345
for combating antibiotic resistance, 487e493
effective drug release by, 467e468
to enhance performance of electrospun membranes,

744e757
gold NPs, 342e343
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incorporated electrospun membranes for MD, 744
lipid nanoparticles, 345e346
magnetic nanoparticles, 345
nanoparticle-based delivery systems, 352
nanoparticle-based methods, 501
nanoparticle-loaded drugs, 332
nanoparticle-mediated drug delivery, 351e352
NP-based theranostics, 500e501
in ocular delivery, 341e342
for optical gene therapy, 351
polymeric nanoparticles, 345
as potential therapeutic agents, 548e549
probes, 469
production of nanoparticles for animal applications,

525e527
silica NPs, 343
systems, 1
toxicity of nanoparticles in retinopathy, 353e354
used in bio-system, types of, 462e465
carbon-based nanoparticles, 464
metallic nanoparticles, 462e463

Nanopolymers, 253e254, 529e530
Nanopores, 695
Nanoprecipitation, 623
Nanorobots (NR), 572e578

applications of, 573e578
delivery of therapeutics for cancer treatment,

573e578
drug delivery, 573

classification of nanorobotic systems, 572
Nanorods, 299, 415
Nanoscale reinforcements, 297e298
Nanosensors, 702
Nanosphere (NS), 727
Nanostructured lipid carriers (NLC), 346
“Nanostructured” cellulose fibers, transparent

nanocomposites reinforced by, 316e318
“Nanostructured” chitin microparticles, transparent

nanocomposites reinforced by, 314e316
“Nanostructured” particles/fibers, transparent

nanocomposites reinforced by, 314e318
Nanostructures, 368, 586
Nanosuspensions, 448e450

based drug delivery for antiviral response in context
of, rationality behind choosing COVID 19,
443e446

nano-suspension-based spray drug delivery,
443e445

nanosuspensions-based spray nebulizer formulation,
ingredients used in, 447e449

preparation methods of, 449e450
scope and prospect of phytocompounds for antiviral

pharmaceutical dosage form for, 442e443

in targeted drug delivery for pulmonary viral
infection, applications of, 452e453

Nanoswimmers, 469e470
Nanosystems, 578
Nanotechnological approaches to treat DR, 348e352
antiangiogenic nanoparticles, 350
intravitreal delivery systems, 349e350
nanoparticle-mediated drug delivery, 351e352
nanoparticles for optical gene therapy, 351
neuroprotectant-loaded nanoparticles, 348e349
retinal degeneration, 350e351
subretinal and systemic delivery systems, 349

Nanotechnology, 57, 242, 247, 258e259, 413, 420, 427,
466e467, 487, 525, 567e568, 585, 617, 651, 694,
696

nanotechnology-based nano-delivery systems, 418
scope of nanotechnology in biological imaging,

500e501
Nanotubes, 415
Nanovaccines, 632
Nanowhiskers, 305
Naphthylboronate (NB), 381e382
Nasal spray devices, 452
Natural gas, 238e239
nanofluids for, 238e239
storage, 3

Natural killer cells (NK cells), 500
Natural polymers, 556
Natural resonance, 12e13
Natural rubber (NR), 151
nCOV-2, significance of nebulizer-spray for drug

delivery against SARS viral infection reference
to, 446e447

Near infrared (NIR), 630
fluorescence, 506
light, 394

Near-infrared fluorophore (NIRF), 509
Nebulized nano-drug delivery, 446e447
Nebulizer-spray for drug delivery against SARS viral

infection reference to nCOV-2, significance of,
446e447

Negative catalysts, 713
Neisseria gonorrhoeae, 480, 485e486
Nepafenac, 338e339
Nephelium lappaceum L., 490
Nerium oleander, 622
Net magnetic moments, 283
Neuraminidases (NA), 552e553
Neuroprotectant-loaded nanoparticles, 348e349
Ni0. 40Zn0. 40Cu0. 20Fe2O4 (NZCF), 16
nanoparticles, 16

Ni0. 8Co0. 2Fe2O4 nanofibers (NCFO NFs), 16
Nickel (Ni), 711
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Nickel ferrite (NiFe2O4), 15e16
Nickel oxide (NiO), 179e180, 190, 235
Nickel-alloys, 236e238
Nickel-based ferrites, 15e16
Niosomes, 346e347, 624
Nitric oxide (NO), 604, 717
3-nitroaniline (NA), 732e734
Nitroarenes, 768
Nitrocellulose (NC), 252e253
Nitrofurantoins, 480
Nitrogen (N), 173, 717
Nitrogen doped carbon nanotube (NCNT), 185
Nitrogen-doped bacterial cellulose carbon nanofiber

aerogel, 173
Nitrogen-doped graphene quantum dot (NGQD), 180
Nitrogen-doped titanium dioxide, 421
Nitzschia palea, 96, 112e113
Noble metals, 251e252
Noise equivalent power (NEP), 271e272
Noise in detectors, 271e272
D, 272
D*, 272
NEP and D, 271e272
SNR, 271

Nonaqueous gel casting technique, 248e249
Noncovalent interactions, 568e570
Nonfluorinated hydrocarbon membranes, 129e131
Nonlinear Maxwell relaxation model, 147e148
Nonlinear stress-strain behavior of elastomeric foam,

147e148
X-ray CT and optical microscopy, 149f

Nonlinear stress-strain feature
for elastomeric expanded materials, 148
of elastomeric foams, 148

Nonmetallic inorganic nanomaterials, 248e249
Nonproliferative DR, 333e334
Nonsteroidal antiinflammatory drugs (NSAID),

764e765
Nonsurgical periodontal therapy, 418e419
Nontyphoidal Salmonella (NTS), 485
Nonwettable surface, 207
Nosocomial infections, 596
Nucleation process, 450
Nucleic acid synthesis, 476e477
Nucleocapsid proteins (N proteins), 437e438
Nyquist noise, 271

O
o-nitrobenzyl (ONB), 394
Ochratoxin A detection, 694
Octa calcium phosphate (OCP), 205
Octriotide (OCT), 348e349
Ocular delivery, nanoparticles in, 341e342

“Off-label” drug, 336e337
Ohmic metal contacts, 268
Oil recovery, nanofluids for, 235e236
Oleic acid modified PCL nano-composites, 200
Oleyl coated gold nanorods (Oleyl coated AuNRs),

510
Oligodontia, 421
One layer of material, 267
One-dimension (1D)
1D architectures, 568e570
1D supercapacitors yarn/fiber, 160

1D
PPY nanotubes, 84
supercapacitors, 170

Open cell foams, 145, 146f
benefits of, 145

Optical delivery, 341e342
Optical gene therapy, nanoparticles for, 351
Optical imaging (OI), 499e500
Optical properties, 48e50
Optimism, 452
Opto-microfluidics for cell screening, 111
Optoelectronic devices, substrate for, 318e319
Oral health care, 4, 411
applications in, 412e428

dental caries, 413e417
dentinal hypersensitivity, 424e425
discolored teeth, 426
edentulousness, 425e426
malocclusion, 419e421
maxillofacial cancer, 427e428
maxillofacial trauma, 426e427
missing teeth, 421e423
oral hygiene, 412e413
periodontal disease, 418e419
tooth wear, 423e424

Oral hygiene, 412e413
dentifrices, 412e413
toothbrushes, 412

Oral inhaler-based drug delivery systems, component
system for, 452

Orange-emitting CdTe (OeCdTe QDs), 254
Organic composites, 290
Organic dyes, 504
Organic light-emitting diodes (OLEDs), 298e299
Organic material, 150
Organic pollutants, 768e769
Organic solvents, 449
Origami methods, 571, 576
Osteosynthesis, 528e529
Ovalbumin (OVA), 633
Ovarian cancer, 676e677
Oxidative stress, 346
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Oxygen (O2), 61, 717
Oxygen evolution reaction (OER), 59e60
Oxygen production efficiency, 63e64
Oxygen reduction reactions (ORR), 68e69, 73e77.

See also Methanol oxidation reactions (MOR)
carbon-based nanostructures for, 76e77
CNTs and related structures for, 74e75
graphene and related structures for, 75e76

P
P-glycoprotein-1 (pgy-1), 671e672
Pacemakers, 596
Paclitaxel-loaded chitosan oligosaccharide

(PTX-COS), 630
Palladium (Pd), 69, 629
Pancreatic cancer, 682
Parkinson’s disease, 500
Particle charge, 451
Pathogenic microorganisms, 492e493
PB-ß-cyclodextrins (PS-ß-CD), 400e401
PCL-SS bond-biodegradable photoluminescent

polymer )PCL-SS-BPLP), 398e399
Peanut agglutinin (PNA), 556
Pegaptanib, 336e337
Pelargonium graveolens, 622
Penicillin binding proteins (PBPs), 479
Penicillium, 695
Peptides, 582e583

albumin nanoparticles, 582
layer-by-layer protein architectures, 582e583
peptide sequences, 378
peptide-based self-assembly, 571

Perfluorinated sulfonic acid membranes, 128
Perfluoro dodecyl trichlorosilane (FTCS), 753
Perfluoro octyl triethoxysilane (PFTS), 753
Perfluorooctyltriethoxysilane (FTES), 750
Periodontal disease, 418e419
Perovskite solar cells (PSCs), 255
Peroxyl radicals (HO2), 421
Persister cells, 601
Petroleum industry, 235
pH-responsive self-assembled nanocarriers, 371e376
pH-sensitive tertiary amines-containing ABCP,

393e394
Phaeodactylum tricornutum, 98e99
Pharmaceutical and personal care products (PCPPs),

764e765
Pharmacological targets for prevention of COVID-19

infection, expected, 443e446
host cell surfaced receptor and nano-suspension-

based spray drug delivery, 443e445
SARS-nCoV-2 drug targets and management via

nano colloidal spray suspension, 445e446

Pharmacotherapy treatments method, 336e337
corticosteroids, 337
VEGF inhibitors, 336e337

Phenerochaete chrysosporium, 489
Phenylboronate (PB), 381e382
1,3-phenylenediamine (PDA), 732e734
Philadelphia chromosome (Ph), 674
Phosphomolybdic acid, 132e134
Phosphorous (P), 202
Phosphorus (P), 530
Phosphotungstic acid, 132e134
Photoacoustic signals (PA signals), 501
Photoactivity of binary AgeCu/TiO2

nanocomposites, 734
Photocatalysis, 717e719
metal oxide photocatalyst, 718e719
metal-semiconductor photocatalysis, 722e724
principle, 717e718

Photocatalytic activity
of Cu@Zn-TiO2, 731e732
of Pd@Au-TiO2, 730e731

Photocatalytic water splitting, 59
Photoconductive effect, 268
Photodetection, 268
Photodetectors (PDs), 265
classification, 272

HJPDs, 273
MSM PDs, 272e273
photodetectoredevice architecture, 272e273

figures of merits for, 269e270
Photodynamic therapy (PDT), 503, 551, 678e680
Photoelectric detection, mechanism of, 268e269
bolometric effect, 269
photoconductive effect, 268
photogating effect, 268e269
photothermoelectric effect, 269
photovoltaic effect, 268

Photoelectrocatalytic water splitting (PEC), 60e61
Photogating effect, 268e269
Photoluminescence quantum yield (PLQY), 254e255
Photomultiplier tubes (PMT), 111
Photon correlation spectroscopy (PCS), 450e451
Photothermal therapy (PTT), 630e631
Photothermoelectric effect, 269
Photovoltaic effect, 268
Photovoltaics (PV), 239e240
Phyllanthus amarus, 491
Physical method, 526
Physical propelled NR, 574e575
Physically unrecoverable gas, 238e239
Physicochemical properties, 1
Physiological lipids, 342
Phyto molecules, 442e443
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Phyto-chemicals, 442e443
Phytocompounds, 439
origin of phytocompounds as antiviral agents,

440e443
scope and prospect of phytocompounds for antiviral

pharmaceutical dosage form for
nano-suspension, 442e443

for treatment of respiratory viral infection like
influenza, SARS, and MERS coronavirus,
441e442

Phytopharmaceuticals, 4, 445
Pi-pi interaction, 568e570
Pickering emulsion (PE), 312e313
PICsomes, 374e376
Pinnularia borealis, 96, 112e113
Pinnularia borealis, 113e114
Piperine, 438
PKC inhibitors, 338
Plant extracts, 491
Plant microbial fuel cell, 78
Plant-based biosynthesis, 621e622
Plant-based CNFs-reinforced transparent

nanocomposites, 309
Plasmid-mediated quinolone resistance (PMQR), 478
Plasmon-induced hot-electron transfer (PHET), 753
Plastic catheters, 606e607
Platinum (Pt), 61, 68e69
Platinum black (PB), 58
Platinum group metals (PGM), 60e61
“Poisoning” process, 68e69
Poloxamers, 448
characteristics, 655e656
method of preparation, 656e659
nanoparticles, 556
PLGA/curcumin nanoformulation in anticancer

therapy, 661e682
Poly dimethyl siloxane (PDMS), 218, 680
based foam, 150e151

Poly hydroxyl fullerenes (PHF), 506e507
Poly-caprolactone (PCL), 200, 556
Poly-methylmethacrylate (PMMA), 422
PMMA resin, 606

Poly-N-isopropylacrylamide (PNIPAM), 388
PNIPAM-based temperature-responsive

nanocarriers, 392e393
PNIPAM-containing star block copolymers,

390e391
Poly(1, 2-propanediol-sebacate) citrate (PPSC), 219
Poly(2-hydroxyethyl methacrylate), 223
Poly(3-methyl-N-vinylcaprolactam)-bpoly(N-

vinylpyrrolidone) (PMVC-PVPON), 392e393
Poly(3, 4-ethylenedioxythiophene) (PEDOT),

69e70, 85

Poly(acrylic acid)-b-polystyrene-b-poly
(4-vinylpyridine) (PAA-b-PS-b-P4VP), 374

Poly(acrylic acid)-coated iron oxide (PAA-coated iron
oxide), 492

Poly(b-benzyl L-aspartate) (PBLA), 378e380
Poly(D, L-lactide) (PDLLA), 378
Poly(diol citrates) (POC), 201e202
Poly(disulfide) (PDS), 388
Poly(ether ketone) (PEK), 129
Poly(ether sulfone) (PES), 129
Poly(ethylene glycol) (PEG), 368, 551
Poly(ethylene-vinyl acetate) (EVA), 143
Poly(glutamic acid) (PGA), 374e376
Poly(L-glutamic acid-co-alanine)-b-poly(n-butyl

acrylate) (P(GAco-Ala)-b-PBAc), 376e378
Poly(L-glutamic acid-coalanine)-b-polystyrene

(P(GA-co-Ala)-b-PS), 376e378
Poly(L-lactide) (PLA), 368
Poly(lactic-co-glycolic acid)-Polyethylene glycol

(PLGA-PEG), 676
Poly(lactic-co-glycolic) acid (PLGA), 368, 556, 633,

652
Poly(Llysine) (PLL), 509, 673
Poly(methyl methacrylate) (PMMA), 27e28, 425e426
Poly(methylmethacrylate)-ITO, (PMMA-ITO,),

256e257
Poly(pentafluorostyrene) (PPFS), 130
Poly(phenylene), 129
Poly(propylene imine) (PPI), 253e254
Poly(SAN), 25
Poly(triethylene glycol)methyl ether methacrylate

(PTEGMA), 388
Poly(trimethylene carbonate) (PTMC), 201e202,

374e376
Poly(vinyl alcohol) (PVA), 673
Poly(vinyl-N-hexylpyridinium bromide),

766e767
Poly(vinylidene fluoride-hexafluoropropylene)

(PVDF-HFP), 255e256
Poly(vinylidene fluoride) (PVDF), 14, 129
Poly(e-caprolactone) (PCL), 368
Poly[2-(dimethylamino)ethyl methacrylate]-b-PGA

(PDMAEMA-b-PGA), 393e394
Polyacrylic acid (PAA), 555e556
Polyalthialongifolia, 622
Polyamidoamine ammonium (PAMAM), 63e64,

253e254, 701e702
Polyaniline (PANI), 23, 177, 183
PANI-based electrochemical sensors for

biomolecules, 179e181
PANI-based electrochemical sensors for

environmental pollutants, 181e183
PANI-based nanocomposites, 3
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PANI-based sensors, 180
PANI-RGO, 179e180
PANIecarbon nanotube composites for

supercapacitor applications, 185e186
PANIegraphene composites for supercapacitor

applications, 183e185
PANIeMOF composites for supercapacitor

applications, 187e188
PANIetransition metal oxide composites for

supercapacitor applications, 188e190
Polybenzimidazole (PBI), 129
Polybutylene cyanoacrylate (PBCA), 527
Polycarbonate (PC), 13e14
Polydimethylsiloxane (PDMS), 100, 117, 150e151, 159,

185
Polydispersity index (PI), 450e451, 655e656
Polyethercopolyester (PEPE), 253e254
Polyethylene (PE), 143, 158, 255e256, 605, 740e741
Polyethylene based foam, 158
Polyethylene glycol (PEG), 210, 220, 450, 529,

555e558, 657
Polyimide (PI), 129
Polyion complexes, 374e376
Polyisocyanurate (PIR), 143
Polyisoprene (PI), 374e376
Polylactic acid (PLA), 464
Polylactic coglycolic acid (PLGA), 464e465
Polymer bioconjugates, 583
Polymer electrolyte membrane (PEM), 125, 127e131

acid-base complexes, 131
nonfluorinated hydrocarbon membranes, 129e131
perfluorinated sulfonic acid membranes, 128

Polymer foams, 143, 156
Polymer matrix, 199, 297e298
Polymer nanocomposites, 156
Polymer self-assemblies, 368
Polymer-based nanostructures, 365e366
Polymeric foam structures, 149
Polymeric nanocarriers, 622e624
Polymeric nanomaterials, 253e254, 365e366
Polymeric nanoparticles (PNPs), 5, 345, 464e465, 605,

623
Polymeric system, 208
Polymerization of monomers, 415
Polymers, 143, 259
Polymersomes, 370e371, 386e388, 419
Polymyxins, 477e478
Polyphosphazene, 129
Polypropylene (PP), 143, 740e741
Polypyrrole (PPy), 23, 177e178, 188e189

nanotubes, 84
Polysiloxane, 152e153
Polystyrene (PS), 143, 747

Polytetraflouroethylene (PTFE), 740e741
Polythiophene, 23, 177e178
Polyurethane (PU), 143, 200e201, 211
PU open cell foam, 148

Polyurethane foams (PUFs), 143, 154e156
aerospace and automotive industry, 155
biomedical application, 156
fire proof materials, 155
radar absorbing and EMI shielding, 155
sensor, 156
shape memory appliance, 156

Polyvinyl, 556
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