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Preface

Chitosan is an intriguing second most abundant natural biopolymer that has been
widely used in diverse fields owing to its biodegradability, biocompatibility and
non-toxicity, predominantly in the biomedical field due to its wide range of structura
possibilities for chemical and mechanical modifications to produce novel properties
and applications. Chitosan contains several therapeutic qualities, including antibac-
terial, antioxidant and low immunogenicity, all of which boost its utility in biomed-
ical applications. Chitosan can be easily fabricated into a variety of nanomaterials
or nanocomposites, including nanosponges, nanofibers, nanoparticles, membranes,
gels, micelles and liposomes, to meet a variety of purposes. In the recent decade,
the number of studies employing chitosan has risen dramatically. As a result, many
barriers have been broken down, and new research fields have emerged. Based on
the facts given above, the classic and current trends in chitosan-based materias are
grouped in a book: Chitosan-Based Nanocomposite Materials: Fabrication, Charac-
terizations and Biomedical Applications. This book delves into the full chemistry of
chitosan, as well as synthesis and chemica modification methodologies, characteri-
zation and applications of chitosan-based nanomaterials in biomedical and healthcare
domains. The purpose of this book is to give readers of both academia and industry
a comprehensive grasp of a topic where novel research is emerging that is of interest
to wider scientific researchers.

As a result, a multi-author book with outstanding fourteen contributions from
leading research groups working on chitosan-based nanocomposite materials is
compiled. The fourteen chapters explain crucia discoveries and substantial advance-
ments that have resulted from these possibilities. Chafitprovides an overview of
chitosan and chitosan-based nanocomposite materials, highlighting their state-of-
the-art potential in biomedical applications. Chaptethen focuses on the different
methods of synthesis of chitosan-based nanocomposites, as well as their chemical
modification strategies, which alow organic groups to be added to chitosan-based
nanocomposites for a wide range of biological applications. Moreover, to under-
stand the properties of the produced chitosan-based nanomaterials, several charac-
terization techniques have been employed. Hence, Chajriefly describes various
characterization techniques for chitosan and its based materials. ChapteSsare
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focused on the biomedical applications of chitosan-based nanomaterials such as
drug delivery, gene therapy, engineering, regenerative medicine, cancer diagnosis
and treatment, bioimaging and wound healing agents. Further, the use of chitosan-
based nanocomposites as antibacterial agents, antifungal agents and antiviral agents is
discussed comprehensively in Chapd0-12. Chapterl3 discusses the application of
chitosan-based nanocomposites in orthopaedics and dentistry. Finally, Chip.ends

with conclusions and future outlooks on chitosan-based nanocomposites, permitting
researchers interested in this subject to design their future work and development.
The contributing authors have wisely selected references to guide the reader through
the extensive literature, allowing a wide spectrum of people to learn about the subject.
As an editor, it will give me immense pleasure if this book assists individuals doing
research on chitosan-based nanocomposites.

New Delhi, India Dr. Shikha Gulati
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About This Book

The emergent biomedical applications of chitosan-based nanocomposites encour-
aged me to write this book that brings together an international and interdisciplinary
group of renowned scientists in the field of nanotechnology and biomedical sciences.
While several books are existing about the synthetic strategies, significant properties
and structures of chitosan-based nanocomposites, there is a dearth of an all-purpose
book that not only covers the fundamentals of chitosan-based nanocomposites but
also focuses on their biomedical applications. In this framework, the innovative
contribution Chitosan-Based Nanocomposite Materials: Fabrication, Characteriza-
tions and Biomedical Applications in the Polymers and Composite Materials Book
Series published by Springer Nature is highly beneficial for the readers. This book
focuses on the cutting-edge research and findings on the use of chitosan-based nano-
materials in biomedical applications, emphasizing the potential that researchers have
taken advantage of by using these creative bionanocomposites. It provides unparal-
leled insight into chitosan synthesis and chemical modifications, characterization
methods, their use as anticancer, antimicrobial, antiviral and antifungal agents and
their role in the biomedical field, as well as applications in gene therapy, drug delivery,
dentistry, orthopaedics and other fields. This book will aso highlight the difficul-
ties in the light of prior advancements and strategies for additiona study, as well
as specifics on current groundbreaking technology and future views using a multi-
disciplinary approach. The book will undoubtedly be fascinating to researchers and
scientists who are interested in nanocomposites made of chitosan.
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Chapter 1 M)
Introduction to Chitosan ek
and Chitosan-Based Nanocomposites

Rajender S. Varma, Arikta Baul, Lakshita Chhabra, and Shikha Gulati

Abstract Chitosan, produced by the deacetylation of chitin, is the second-most
abundant natural polymer. Known for its appealing properties like non-toxicity,
chemical versatility, biodegradability, biocompatibility, high adsorption capacity,
etc., chitosan finds appliance in a broad range of biomedical applications such
as wound dressing, drug delivery, biosensors, and dietary supplement. However,
as a pristine material, chitosan may display some limitations like poor thermal
stability, low mechanical strength, and poor barrier attributes. With the advent of
nanotechnology over the years, chitosan has garnered immense interest as a matrix
of nanocomposites that have led to the advancement in its effectiveness, eventually
expanding its application areas. Chitosan nanocomposites are promising bio-based
polymeric nanocomposites with exceptional biological and physicochemical prop-
erties that offer great potential for the delivery along with the controlled release
of drugs and active compounds, thus functioning as a superior nanocarrier system.
Additionally, chitosan nanocomposites have been widely deployed in not only tissue
engineering but also assorted fields of biomedical research such as bioimaging,
cancer therapy, dentistry, and wound healing, among others. This chapter offers an
introduction to chitosan, its structure, manufacturing process, and its chemical and
biological activity. Furthermore, the basics of its cross-linking to form nanocom-
posites and the related synthesis scheme are presented. A brief discussion on the
remarkable properties of chitosan nanocomposites and their biomedical applications
is provided, followed by concluding statements on their limitations, current status,
and future prospects including an overview of all the biomedical applications covered
subsequently in this book.

R. S. Varma (<)
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1 Introduction to Chitosan and Chitosan-Based Nanocomposites 3

1 Introduction

Polysaccharides are natural biopolymers that are commonly utilized in the field
of biomedicine owing to their unique attributes, such as biodegradability, biocom-
patibility, and high availability [1]. One such widely employed polysaccharide is
chitosan, the second-most abundantly available biopolymer [2]. It is an eco-friendly,
economical, and deacetylated form of chitin isolated from marine wastes, insects,
and fungi. Chitin, mainly found in shrimps and crabs, the cell walls of fungi and
yeasts, and in the exoskeleton of anthropods, can be extracted from crustaceans via
acid treatment (to dissolve calcium carbonate) and alkaline extraction (to solubilize
proteins). Chitosan after deacetylation can be obtained in many different forms, like
fiber, sponges, and powder appearance from the solution and with different degrees
of deacetylation and molecular weights. Their morphological, thermal, structural,
crystalline, and many other physicochemical properties can then be investigated
using standard characterization techniques. Chitosan is a cationic polysaccharide
consisting of glucosamine units linked by glycosidic bonds. The increasing popu-
larity of chitosan among researchers worldwide is justified in view of its versa-
tile properties like non-toxicity, controlled release, biodegradability, biomimetics,
stability, and the possibility to chemically and structurally modify them to increase
their chelating and absorption properties, solubility, porosity, and permeability [5]
(Fig. 1). The added advantage is the presence of functional groups in their chemical
structure because of which they can react easily with other active compounds. These
favorable properties of chitosan make them an ideal highly economical choice for
application in a multitude of industries such as biomedical science, material science,

Abundance in nature 0

Non-toxic nature

Biocompatibility

Biodegradability

Slow and sustained

Easy modification
release of drugs

Reactive amino and
hydroxyl groups

Insolubility at neutral pH
and solubility at low pH

Fig. 1 Exceptional properties of chitosan
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bioengineering, and pharmaceuticals, among others. However, chitosan, on its own,
may display poor mechanical and thermal properties [6] and may not be as stable in
media with variable pH and ionic strength. Hence, nanoscale-sized materials (like
nanoparticles (NPs), nanosheets, nanorods, nanocapsules, nanofibers, etc.) can be
added to chitosan as fillers, thus embedding into the bulk or by coating on the mate-
rial surfaces to enhance its biological and physicochemical characteristics. The free
amine and hydroxyl groups forming the polymeric backbone of chitosan not only
facilitate its solubility but also assist in forming several hydrogen bonds that enable
nanoparticles to be embedded as fillers. Chitosan exhibits a strong affinity for metals
and its ability to effectively blend with elements like copper, zinc, iron, silver, silicon,
zinc oxide, titanium oxide, etc., and results in the formation of metal nanoparticles
that exhibit improved absorbency and enhanced antimicrobial, chemical, thermal,
and mechanical properties [7]. Nanomaterials offer a plethora of favorable char-
acteristics including pore size, surface-to-volume ratio, and reactive groups on the
surface. And justifiably, the potential of using nanoparticles as nanocarriers that can
encapsulate drugs, deliver them to the target site, and ensure a regulated release has
been extensively exploited in the biomedical arena.

Since its discovery at the beginning of the nineteenth century, chitin, chitosan,
and its derivatives have been widely investigated. Figure 2 depicts a timeline of their
historical development and progress made over the years.

Chitosan nanoparticles were first characterized in 1994 for the circulatory delivery
of 5-fluorouracil by Ohya et al. [8]. Since then, they have been extensively synthe-
sized using many different methods and modified in diverse ways taking into
account several factors like size, stability, retention time, and drug loading capacity.
The preparation of drug-loaded chitosan nanoparticles is accomplished using two
main approaches: nanoencapsulation and chemical modification. Nanoencapsula-
tion, which involves forming nanostructures that contain the drug at the particle

Henri Braconnot identified ~ Odier named chitin, from  Lassaigne discovered the
chitin in mushrooms Greek word “khiton”  presence of nitrogen in chitin

Rigby first patented Hoppe-Seyler proposed  Charles Rouget
chitosan films & fibers the name of chitosan  discovered chitosan

Darmon and Rudall discovered Progress made on their isolation, ~ Research being conducted using
the structure of chitosan production and fundamentals chitosan in the biomedical field

Fig. 2 Timeline of progress pertaining to chitin and chitosan. Based on the information provided
in [3, 4]
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surface or within [9], helps to improve the efficiency of the drug, and its accessibility
to the target site, and lower the toxicity [10]. Chemical modification, like PEGyla-
tion, thiolation, carboxylation, quaternization, and alkylation can be attained starting
from the particles or the base polymers [11]. Over the years, chitosan nanocom-
posites (NCs) have been widely studied for use in medicine due to their excellent
ability to encapsulate and chain graft drugs and active ingredients, thus preventing
the enzymatic degradation of drugs [12], ensuring continuous and controlled drug
release [13], and to reduce the damage of non-targeted tissues [14]. Thus, they have
profound applications in biomedicine, ranging from wound healing, drug delivery,
biosensors, tissue engineering, and food and nutrition, to solving several human
health problems like blood clotting, gene therapy, skin burn healing, food allergies,
cholesterol control, weight loss, biological imaging and diagnosis, and cancer treat-
ment, among others. Some recent advancements comprise the use of chitosan inside
fat-burning supplements [15]; for external skin wound healing by employing the use
of nanocomposites containing chitosan and silver nanoparticles [16]; and in fabri-
cating a drug delivery system to prevent multidrug resistance in cancer treatment
[17], among others. In continuation to our ongoing studies in the field of nanotech-
nology and chitosan [18-27], this chapter provides an introduction to chitosan and
highlights its exceptional properties that make chitosan and its composite forms an
exemplary model for application in the biomedical science arena, while presenting
their structural analysis. Furthermore, we bring to attention the preparative tech-
niques for chitosan nanocomposites, their modification approaches, characterization
techniques, and their ideal properties that render them novel materials in this research
field, along with an overview of the current challenges and future outlooks.

2 Chitosan: Structure and Preparation

2.1 Chitin and Chitosan: Chemical Structures

Chitin is a -(1 4)-linked N-acetyl-D-glucosamine homopolymer that is semi-
crystalline. The building components -(1 4)-2-amino-D-glucose and -(1 4)-2-
acetamido-D-glucose are combined to form this copolymer. Chitosan is a chitin
derivative that has been partially deacetylated. Its nitrogen content distinguishes it
from other polysaccharides. Figure 3 illustrates the structures of chitin and chitosan.
Chitosan organic changes are caused by amino and hydroxyl groups in the structure,
which enable the formation of polymeric derivatives of these substances.
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Fig. 3 a Structure of chitin and b chitosan. Reprinted with permission from [28]. Copyright 2017
Elsevier

2.2 Preparation of Chitin and Chitosan

Crab and shrimp shell exoskeleton wastes are used as a biomass source for the indus-
trial manufacturing of chitin and chitosan. Chitin is found in crustacean exoskele-
tons, insect cuticles, algae, and fungal cell walls. Vegan needs have recently sparked
interest in chitosan derived from mushrooms.

2.2.1 Extraction of Chitin

The chemical method, as well as biological extraction, can both be deployed to
recover chitin from the animal exoskeleton. Despite the fact that the chemical
approach has a number of drawbacks, including being inefficient and unfriendly
to the environment, it is still the most often utilized commercial method in view
of its faster processing time [29]. In a study comparing chemical and biological
methods for extracting chitin from prawn and shrimp shells, it was discovered that
the biological method yielded more chitin [30]. Washing, drying, and crushing the
raw material, received from diverse sources, to attain a fine powder form are the basic
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Fig. 4 Schematic summary
of the synthesis process for
chitosan. Reprinted with
permission from [1].
Copyright 2021 Elsevier

techniques for extracting chitin. The powder is subsequently demineralized, depro-
teinized, and decolored by a number of processes; both the chemical and biological
approaches have these three phases in common [31]. This is usually followed by the
important following phases [6, 18, 32]: Raw material shells are washed, crushed,
and ground to smaller sizes, with some components, such as calcium carbonate,
demineralized by chemical extraction with dilute hydrochloric acid and stirring at
room temperature. This is followed by deproteinization with a dilute aqueous sodium
hydroxide solution. Proteins can be recovered by reducing the pH to 4.0 and then
drying the precipitates. An additional decolorization step is performed to remove the
color. Chitin is extracted as the primary raw material for the production of chitosan.
Time, temperature, and alkali concentration are the three key reaction parameters.
Figure 4 depicts the chitosan manufacturing process.

2.2.2 Conversion of Chitin to Chitosan

Chitin is prepared in the same way as it was previously explained. The method of
deacetylation is subsequently used to convert it into chitosan (Fig. 5). The chitin
structure is stripped of acetyl groups (COCHj3). As the N-deacetylation process is
never complete, chitosan with varying degrees of deacetylation is the normal outcome
that defines its applications.

Chitin deacetylation is accomplished through two methods: alkaline and enzy-
matic.

(a) Alkaline method: A 40-50% NaOH solution is applied to the chitin powder.
This process causes acetyl groups to be hydrolyzed, as well as converting N-
acetyl-D-glucosamine units into D-glucosamine units with free amine groups.
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NaOH
deacetylation

Fig. 5 Schematic showing deacetylation of chitin to produce chitosan. Reprinted with permission
from [33]. Copyright 2000 Elsevier

(b)

The degree of deacetylation (DD) of the chitosan produced by this technique
is determined by temperature, alkali solution concentration, and reaction time.
However, this process consumes a lot of energy and pollutes the environment.
As aresult, an enzymatic process that is more environmentally friendly is often
chosen over this procedure.

Enzymatic method: Chitin is converted to chitosan using an enzyme named
“chitin deacetylase enzyme”; fungus “Mucor rouxii” was responsible for the
discovery of this enzyme in 1974. Chitosan was discovered in the cell walls of
some fungi, and the chitin deacetylase enzyme was determined to be respon-
sible for the conversion of cell wall chitin to chitosan in those fungal strains.
However, the chitin deacetylase-producing fungal strains have a low enzyme
yield and entail a difficult fermentation process. Moreover, when compared to
enzymes isolated from bacterial strains, the enzyme obtained from a fungal
source had lesser activity. Furthermore, bacteria in large-scale fermentation
systems multiply faster and more easily.

3 Modifications of Chitosan

Chitosan modifications are made to improve the polymer’s performance by intro-
ducing helpful features that are tailored to individual demands. Chitosan alter-
ations can be divided into two types: physical changes and chemical modifications
[5, 34, 35]:



1 Introduction to Chitosan and Chitosan-Based Nanocomposites 9

3.1 Physical Modifications of Chitosan

Blending or physically mixing at least two polymers to generate new material with
different, better, and improved physical properties is referred to as physical modifica-
tion [36]. Blending is primarily intended to be less expensive, easier to accomplish,
and less time-consuming. Another advantage of the blending approach is that it
allows for the adjustment of the composition of starting materials, resulting in prod-
ucts with a wide variety of qualities tailored to specific applications. The blended
membranes have been successful in boosting the wettability and porosity of the
absorptive membrane. According to the hypothesis introduced by Pearson in 1963,
the best ion to create a complex with the manufactured membrane (182 mol/g) is
Zn (IT), while Ca (II) and Mg (II) tend to form ionic connections with chitosan NH,
groups as these two metal ions are hard acids. However, investigations on physical
chitosan modifications are dwindling as researchers prefer to use numerous chemical
changes to alter the modified chitosan according to certain contaminants [5].

3.2 Chemical Modifications of Chitosan

The introduction of various functional groups to the chitosan’s structure, such
as photosensitizers, dendrimers, sugars, cyclodextrins, and crown ethers, can be
accomplished to enhance the existing properties of chitosan:

(i) Photosensitizer-modified chitosan: A photosensitizer is a chemical
substance that absorbs light energy before transferring it to the reactants of
interest. When processes require light sources of specific wavelengths that are
not readily available, the photosensitizer is typically utilized.

(i)  Chitosan-dendrimer hybrids: Dendrimers are highly branched and symmet-
rical macromolecules that have lately been recognized as part of the polymer
family [37]. The multifunctional features of dendrimers make them an
appealing option.

(iii) Carboxymethylation of chitosan: CMC is a carboxymethylated chitosan
product with some amino and primary hydroxyl sites of the chitosan
glucosamine units substituted by a carboxyl group (COOH). This chem-
ical modification produces three derivatives: nitrogen-carboxymethyl chitosan
(N-CMO), oxygen-carboxymethyl chitosan (O-CMC), and nitrogen, oxygen-
carboxymethyl chitosan (N-O-CMC) (N,0-CMC). The synthesis of N-CMC,
O-CMC, and N,0-CMC from chitosan is depicted schematically in Fig. 6. The
modified chitosan possesses hydrophilic and water-soluble qualities, which
are sought after not only in membrane technology and wastewater treatment
systems, but also in medical engineering, biomedicine, agricultural, and tissue
engineering, to name a few fields.
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Glyoxalic acid, NaBH,

CH;COOH/NaOH, 60° C

NHCH,COOH

Chitosan N-Carboxymethyl Chitosan

OCH,COOH

NaOH, CICH;COOH

Isopropanol, 50° C

Chitosan O-Carboxymethyl Chitosan

OCH,COOH

NaOH, CICH,COOH

Isopropanol, 50° C

NHCH,COOH

Chitosan N, O-Carboxymethyl Chitosan

Fig. 6 Synthesis of N-CMC, O-CMC, and N,0-CMC from chitosan. Reprinted with permission
from [38]. Copyright 2010 Elsevier

(iv)

Other modifying systems: Hall and Yalpani were the first to describe the
sugar modification of chitosan in 1980 [39]. They provided reductive amina-
tion processes for connecting a wide variety of carbohydrates as side chains
to linear amine-containing polysaccharides that were particularly simple and
adaptable. Furthermore, they discovered that the synthetic chitosan deriva-
tives are open to further chemical changes, as demonstrated by the targeted
oxidation of the pendant galactose residues with galactose oxidase to obtain
a C-6 aldehyde derivative.

4 Properties of Chitosan

®

Degree of N-deacetylation: Many factors, including the concentration of
NaOH, the contact time of NaOH with chitin, temperature, and pH, can influ-
ence whether chitosan is partially or completely deacetylated. The source of
chitin influences the degree of deacetylation required to produce chitosan. The
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(ii)

(iii)

(iv)

acetylation degree of chitin (typically 0.90) and chitosan is distinguished by
a fine line (the degree of acetylation is less than 0.35).

Molecular weight: The molecular weight of this biopolymer is another impor-
tant attribute to consider while performing experiments with it. According to
an earlier study [40], membranes created with high molecular weight chitosan
had superior tensile strength, elongation, and enthalpy, while membranes
prepared with low molecular weight chitosan had better permeability. It
was concluded that because chitosan with a higher molecular weight has
a higher enthalpy, it has more crystallinity in the membrane and has more
intermolecular contacts than chitosan with a lower molecular weight.
Charge density: The degree of protonation of the amino group determines the
charge density of chitosan. The degree of acetylation (DA) of chitosan, as well
as ionic strength and pH, governs it. Depending on the type of chitosan and
environmental conditions, the dissociation constant of chitosan ranges from
6.2 to 7.0. At constant ionic strength, chitosan samples with various DA values
have been examined for mean electrophoretic mobility as a function of pH.
When the pH value was increased, the electrophoretic light scattering curve
for all of the samples followed the same trend. Chitosans with more DA, and
hence lower charge density, had poorer mobility at all pH values, as expected.
Solubility: The solubility of chitosan in water is determined by three factors:
the solvent’s ionic strength, which directs the salting-out effect; the pH of the
solution; and the ions in the solvent reacting with chitosan and restricting its
solubility. Chitosan has a characteristic property of being soluble at acidic
and insoluble at basic pH values. All varieties of chitosan are soluble below
a pH value of 6. However, chitosans with medium molecular weight and DA
around 0.5 can be soluble at pH 7 [41]. Figure 7 depicts the fluctuation in
solubility values with pH for chitosans of various DA.

Because of variations in chitosan’s availability to enzymes, solubility values can have
a big impact on its biological characteristics.

)

(vi)

Viscosity: From a technological standpoint, polymer viscosity is a crit-
ical characteristic because very viscous solutions are difficult to regulate.
Viscometry is also a useful instrument for estimating the molecular weight
of chitosan. The Mark—Houwink—Sakurada equation is used to calculate the
average molecular weight [42]. As a fall in viscosity is observed during
polymer storage due to polymer breakdown, viscosity can be utilized to
estimate the stability of the polymer in solution.

Chemical stability: The glycosidic connections in the chitosan chain structure
can be damaged by alkalis and acids, and they can also be oxidized by free
radicals. However, because the majority of chitosan’s applications are tied
to its stability at low pH, the resilience of chitosan against oxidation has
received far less attention than its pH stability. The DA value of chitosan
appears to be responsible for its acid-catalyzed degradation, and the rate of
degradation increases as the DA value rises.
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Fig. 7 Solubility versus pH 100
curves for chitosans with DA

= 0.01 (filled square), DA =

0.17 (diamond), DA = 0.37 80
(plus), and DA = 0.60
(circle). Reprinted with
permission from [41].
Copyright 1994 Elsevier

(vii)
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Antimicrobial activity: Antibiotic resistance is a major public health concern,
which necessitates finding antibiotic replacements a critical task. The antimi-
crobial activity of chitosan, chitosan derivatives, and chitooligosaccharides
has been demonstrated against a variety of microorganisms, including fila-
mentous fungus, yeast, and bacteria. Food, cosmetics, the textile industry,
and a variety of other areas benefit from this antibacterial activity.
Antioxidant activity: Because of the link between oxidative stress and
diseases like Alzheimer’s disease, Huntington’s disease, Parkinson’s disease,
cancer, and amyotrophic lateral sclerosis, antioxidants are attaining a more
significant stature. It’s also linked to complications from other illnesses
like diabetes. Chitosan contains amino and hydroxyl groups that can react
with free radicals and act as scavengers. Some chitosan derivatives, such
as chitosan sulfates or N-2 carboxyethyl chitosan, have more antioxidant
activity than others [43—45]. Chitooligosaccharides have also been chemi-
cally modified to increase their antioxidant activity, by treating the polymers
with gallic acid or phenolic chemicals.

Anti-inflammatory properties: The inflammatory response is the body’s auto-
matic physiological response to tissue injury. The primary goal of the inflam-
matory response is to direct circulating leukocytes and plasma proteins to the
infected site or tissue damage in order to eradicate the causal agent and start
the healing process. Although inflammation is important for survival, it can
cause immense harm if it is severe, unable to eliminate the causative agent,
or directed against the host. The production of free radicals is directly linked
to the inflammatory process. When the molecular weight of the chitosan is
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lowered, chitooligosaccharides show increased activity which appears to be
even more amazing.

5 Characterization of Chitosan

Chitosan characterization is critical since its structure determines its qualities, which
in turn serves to define a potential application in industry. As listed below, a variety of
procedures are employed to determine the degree of deacetylation in chitosan [46].

®

(i)

(a)

(b)

()

(d)

(iii)

Elemental analysis: At 600 °C, a known amount of chitosan is heated for 1 h.
The residue is then weighed to decide the amount of inorganic substance.
Elemental analysis (EA) results are not always precise, especially when pollu-
tants are found. This approach was used to define chitosan as having a nitrogen
content of more than 7% and chitin as having a nitrogen concentration of less
than 7% [47, 48].

Titration method

Acid-base titration: After dissolving a known amount of chitosan in 0.1 N HCI1
overnight, it is titrated with 0.1 N NaOH using D-glucosamine and N-acetyl-D-
glucosamine as 100% and 0% deacetylated controls, respectively. The DA is
determined by the first and second inflection points of the titration curve [49].
Potentiometric titration: A known volume of HCI, with dissolved chitosan in
it, is titrated against NaOH. The base graph’s fluctuation in pH versus volume
yields two inflection points, one for HCI neutralization and the other for ammo-
nium ion neutralization. The difference between these two gives the degree of
deacetylation [50, 51].

%DA = 100 — %DD

Colloid titration: The main premise behind this sort of titration is a stoichio-
metric mixture of positive and negative ions. A sample of chitosan is dissolved
in aqueous acetic acid and diluted with deionized water before being titrated
with potassium polyphosphate (vinyl sulfate). The protonated chitosan’s posi-
tive ammonium groups were directly linked to the polysulfate’s negatively
charged sulfate groups (vinyl sulfate). Excess poly(vinyl sulfate) binds to tolu-
idine blue (indicator) a minute after the equivalent point is reached, and the
color shifts from blue to red [52].

Conductometric titration: The measurement of the conductance of a solution
is called conductimetry. After dissolving chitosan samples in HCI, it is titrated
with portions of NaOH in 20-s. interval. To identify the linear fluctuation before
and after the equivalence point, a graph is plotted for the conductance values
with the matching titrant volumes [53].

Hydrolytic methods
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(a) Acid hydrolysis, distillation, and titration

To convert chitosan into acetic acid, a known amount of the salt is first hydrolyzed
with sodium hydroxide and then acidified with phosphoric acid. When the distillation
flask begins to dry after the aqueous acetic acid distillation, 15 mL of hot distilled
water is placed into the flask. Aliquots are titrated with 0.01 N sodium hydroxide,
with phenolphthalein as an indicator. The total volume of the distillate is calculated
by multiplying the volume of the base by 10 [47].

(b)  Acid hydrolysis-HPLC

A Varian Model is used for the HPLC analyses. At 155 °C for 1 h, a fine powder of
the polymer is hydrolyzed with aqueous sulfuric, propionic, and oxalic acids. After
cooling for 2 h, the solution is filtered, and 10 1 is poured into the HPLC. A UV
detector set at 210 nm is then used to identify carboxylic acid. The calibration curve
is created using various acetic acid dilutions [54].

(iv)  Spectrometric methods

(a) HPLC-ultraviolet spectroscopy: The DA of unidentified polymers is deter-
mined by comparing them to described chitosan samples used as standards.
The hydrolysis of sample C-1 yields the chitosan standards (C-2, C-3, C-4,
C-5, and C-6). The DA could be accurately computed because the acetamide
groups’ UV absorption peak areas were related to the concentration of the
chitosan samples.

(b) Infrared spectroscopy: Structure determination and quantitative analysis can
both benefit from infrared absorption spectroscopy. The idea that few groups
of atoms emit bands at or near the same frequency, as well as the distinctive IR
fingerprint of molecules, allows scientists to analyze the structure of a complex
using other techniques [55].

(c) Liquid-state 'H nuclear magnetic resonance (NMR): Chitosan is dissolved in
DCI and swirled at room temperature for 24 h. The 1H NMR spectra were
acquired with 16 transients, a 3.642 s acquisition time, and a 1.500 s delay. To
improve the solubility of chitosan, the temperature was kept at 70 °C [53].

(d) Solid-state '*C nuclear magnetic resonance: The majority of structural infor-
mation is hidden behind a large hump in a solid-state NMR spectrum. It is not
always possible to find a suitable sample dissolution for NMR analysis. The
degree of deacetylation of chitosan samples is determined by comparing the
overall area of the CH3 peak to the area of the glucoside carbons in solid-state
13C NMR [56].

(e)  Solid-state "N nuclear magnetic resonance: Due to the difficulties in producing
high-resolution solid-state 1H NMR spectra, 3, 31p and 1SN are the nuclei
most commonly examined by solid-state NMR. Low spin polarization, low
isotope abundances, and low signal strength are some of the drawbacks of
properly sensing '*C and >N [57].
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6 Need for Nanotechnology

Chitosan in the form of pure matrix material may display poor mechanical and
thermal properties [6]. Due to this reason, chitosan as a nanocomposite base matrix
seems like a rather preferable option because of its high availability in nature, low
cytotoxicity, low cost, and high versatility, as well as biocompatibility. The amino and
hydroxyl groups present in its glycosidic residue make it a preferable carrier matrix
for the synthesis of chitosan nanocomposites. In addition to this, the solubility of
chitosan in an acidic medium makes it possible to prepare composites without the use
of hazardous organic solvents. Chitosan can behave as a structure-directing agent,
and its pH responsiveness and ability to chelate with metals prove to be an added
advantage [58].

7 Chitosan Nanocomposites: Structural Analysis

7.1 Structure of Chitosan Nanocomposites. Nanofillers
and Nanocoatings

Chitosan nanocomposites are composed of two major components: nanostruc-
tures and chitosan. The coupling of chitosan with different nanostructures may be
completed in the following ways (Fig. 8):

(i) By embedding the nanostructures into the bulk of the material as a filler
(nanofillers)

(i) By depositing on the surface of chitosan as a coating (nanocoatings or
nanofilms).

7.1.1 Nanofillers

This kind of nanocomposite structure has the nanostructures dispersed inside the
chitosan matrix. The steps involved in its production are as follows [1]:

Fig. 8 Schematic showing a nanofillers and b nanocoatings
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(a)
(b)
(c)
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Blending of nanofillers in a solution containing chitosan
Casting the slurry
Drying at room temperature.

For the development of nanocomposites consisting of nanofillers embedded inside

chitosan matrix, the following essential key parameters are extremely important:

(a)

(b)

Surface to volume ratio: When nanofillers are dispersed into chitosan, the area
in contact with the matrix is a direct result of the surface area of the fillers,
implying that a larger total surface area will result in a larger filler effect
on chitosan. A large surface-to-volume ratio of the nanoparticles is essential
in order to achieve a strong and extensive interfacial binding between the
nanofiller and chitosan base and to pass on the characteristics of NP into the
nanocomposite.

Aspect ratio: The aspect ratio is nothing but the ratio of the longest to the
shortest dimension of a nanofiller. Nanofillers can have numerous possible
shapes (Fig. 9) and may be 1-dimensional (one of the dimensions being less
than 100 nm), 2-dimensional (having two dimensions less than 100 nm), or
three-dimensional (having three dimensions) (Fig. 10). Measurement for all
the possible filler shapes may be reduced to their aspect ratio, which acts as a

Fig. 9 Classification of nanofillers according to their dimensions: one-dimensional, two-
dimensional, and three-dimensional. Reprinted with permission from [59]. Copyright 2019
Elsevier
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Fig. 10 Various shapes of nanofillers. Reprinted with permission from [59]. Copyright 2019
Elsevier

(©)

(d)

(e)

major factor in the determination of several physical and mechanical properties
of chitosan nanocomposites.

Interface: Mechanical, electrical, and thermal performances of chitosan
nanocomposites depend upon the interaction between the filler and chitosan
matrix. Strong bonding between the matrix and filler allows an efficient and
controlled stress transfer across the interface. Factors like modulus as well as
strength of the NCs are strongly dependent on the efficacy of the stress transfer.
Nanofillers, after dispersion in the polymer matrix, create an “interaction zone,”
which leads to certain alterations in the behavior of the polymer matrix and the
morphology. Thus, this implies that the interaction between filler and chitosan
shall determine the area of the interaction which in turn will determine the
magnitude of other effects generated by the presence of nanofillers.
Orientation: Controlling the orientation of nanofillers in the chitosan matrix
can prompt certain nanoeffects. For instance, the effective orientation of carbon
nanotubes (CNTs) in the matrix of polymer can either annihilate or trigger a
photoelastic response or van der Waals.

Nanofiller distribution: A good and uniform nanofiller distribution within the
chitosan matrix is equally important in order to overcome the aggregation of
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nanoparticles and enhance the mechanical, electrical, and optical properties of
the nanocomposites.

Commonly used nanofillers in the development of chitosan nanocomposites are
as follows [60]:

(a) Layered silicates-clays

Polymer-clay nanocomposites are hydrous silicates having a layer-structured
nanofiller containing silicon (Si), aluminum (Al), magnesium (Mg), oxygen, and
hydroxyl groups with numerous associated cations. In order to build the layers, octa-
hedrally bonded Al or Mg atoms surrounded by eight oxygen atoms or tetrahedrally
bonded Si atoms surrounded by four oxygen atoms may be utilized. Layered silicate
nanostructures can be homogeneously dispersed into the chitosan matrix, providing
three different types of conformations (Fig. 11).

(i) tactoid structures: The type of structure in which intercalation of chitosan
polymer does not take place as there is no expansion of the interlayer space

of clay
= Z =
=7 ol
Layered silicate Polymer

(a) (b) (©
Phase separated Intercalated Exfoliated
(microcomposite) (nanocomposite) (nanocomposite)

Fig. 11 Schematic depicting the different composites formed by the interaction of polymers and
the layered silicates: tactoid, intercalated, and exfoliated nanocomposite. Reprinted with permission
from [61]. Copyright 2000 Elsevier
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(i) intercalated structures: The type of structure in which the penetration of
chitosan polymer is possible as the interlayer distance increases between the
layers of clay, while also maintaining the layered structure

(iii) exfoliated structures: The type of structure in which dispersion of clay and
mixing with the polymer phase takes place as the clay layers are well separated
from each other.

(b) Ceramic/metallic nanoparticles

The three main groups of particles are as follows:

I.  Bioactive glass: Bioactive glass, produced by melt or sol-gel methods, is made
of silicates composed of sodium, phosphorus, or cadmium. They present a high
specific surface area and act as a good substrate for the adsorption of proteins.

II.  Ceramic nanoparticles: Ceramic NPs form NCs with improved mechanical
properties and enhanced interaction with neighboring tissues.

III. Metal nanoparticles: Several elements, viz. silver (Ag), gold (Au), zinc oxide
(Zn0O), etc., have been reportedly used for the generation of metal NPs, that can
be combined with chitosan to provide biosensing and antibacterial properties.
This portion is discussed in detail in subsequent sections.

(c) Carbon nanotubes (CNTs)

Carbon nanotubes, made up of hexagonal sp> hybridized carbon rolled up into a tube,
are of two types: (i) single-walled CNTs, consisting of a single graphene sheet (with
a diameter of 1 nm), and (ii) multi-walled CNTs, composed of multiple concentric
graphene cylinders held by van der Waals forces (with a diameter ranging from 5
to 20 nm). Excellent properties of CNTs such as high elastic modulus, high thermal
conductivity, and good tensile strength make them highly preferable for nanocom-
posite applications. However, for biomedical applications, it is extremely important
that the metallic impurities are eliminated. Functionalization of CNTs with different
biomolecules, polymers, surfactants, etc., may be performed to make them less cyto-
toxic and apply them to different biomedical applications [62] (Fig. 12). Furthermore,
due to the strong electrostatic attraction, CNTs show very poor interfacial interaction
and are not easily dispersed in the chitosan matrix [63].

(d) Graphene-based materials

Over the years, graphene has become increasingly popular due to its excellent prop-
erties like high elastic modulus, intrinsic electrical as well as thermal conductivity,
and the possibility to attain thermally and electrically conductive graphene NCs.
However, due to its surface chemical inertia, its interfacial bonding with the polymer
matrix still poses problems [64, 65]. Graphene oxide (GO) can strongly bind with
many polymers to give nacre-like structures, because of the oxygen-containing func-
tional groups present on its surface. One major drawback of loss of electrical conduc-
tivity that results from oxidation of graphene may be overcome by partial restoration
of the lost conductivity through chemical reduction of GO.
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Fig. 12 Functionalization of carbon nanotubes and their biomedical applications. Reprinted from
[62] under the Creative Commons Attribution License (CC by 4.0)

7.1.2 Nanocoatings

Nanocoating refers to the kind of NC structure having the nanostructures only at the
surface of the chitosan base matrix. Layer-by-layer approach is used wherein posi-
tively or negatively charged nanostructures in solution are electrostatically bound
or assembled with chitosan. Kumar et al. [66] exploited the high affinity of amine
and hydroxyl groups available on the chitosan structure toward Ag* ions and intro-
duced Ag nanoparticles in the chitosan matrix. Chemical covalent modification of the
chitosan surface may be performed by introducing the functional groups to facilitate
its reaction with the nanostructures that need to be attached. The amine and hydroxyl
groups present in the chitosan framework encourage this attachment by enhancing
covalent or protonation reactions.

7.2 Functionalization of Nanofillers in the Synthesis
of Chitosan Nanocomposites

Functionalization of nanofillers is usually accomplished to promote good interfacial
adhesion between the chitosan matrix and the nanofiller. It can be of two types:
covalent (chemical) or noncovalent (physical) [59].
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(i) Covalent (chemical) functionalization: It involves linking functional groups to
the filler surface by either direct functionalization to the sidewalls of fillers
through bonding, or by indirect functionalization, i.e., by attaching functional
groups to the defects on the filler surface. Deliberate generation of defects may
be achieved by carrying out oxidative processes with oxidants. However, the
formation of a large number of defects or the breaking up of fillers into small
pieces may prove to be major drawbacks of covalent functionalization.

(ii)) Noncovalent (physical) functionalization: It entails the functionalization of
filler surface by the use of active species like polymers and surfactants as
assembly mediators, through hydrophobic, electrostatic, pi-pi stacking, and
polymer wrapping interactions.

8 Synthesis Scheme for Chitosan Nanocomposites

8.1 Synthesis Strategies to Produce Chitosan
Nanocomposites

First characterized in 1994 by Ohya et al. [8], chitosan nanocomposites have been
studied extensively over the past years with researchers coming up with several
synthesis methods, taking into consideration numerous factors like size, stability,
retention time, and drug loading capacity [11]. Some of the commonly deployed
manufacturing methodologies are as follows [1, 60, 67]:

(i) Solvent casting:

Used for the synthesis of chitosan nanocomposite films and membranes, the solvent
casting method requires the polymer to be dissolved in a solvent and cast onto
a surface, followed by evaporation of the solvent. The membranes/films are then
detached from the cast form. This cost-effective manufacturing technique that does
not require high temperatures makes it possible to incorporate drugs or chemicals
within the structures. However, one major limitation is the retention of solvents
as residue. Furthermore, this method cannot be used for manufacturing complex
shapes. The low interconnectivity present in the structures is unfavorable for tissue
engineering. Figure 13 is a schematic showing the solvent casting method.

Fig. 13 Schematic showing the solvent casting methods for obtaining chitosan nanocomposite
films. Reprinted from [60] under the Creative Commons CC by license
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(ii)) Freeze-drying:

This method, used for the synthesis of highly porous scaffolds, requires the solution
temperature to be reduced until solid—liquid phase separation takes place, leading
to the formation of the polymer phase and frozen solvent. The frozen solvent then
disperses through sublimation, via pores formed in the polymeric structure. Anisha
et al. [68] used this method to make sponges consisting of chitosan, silver nanopar-
ticles, and hyaluronic acid, showing antimicrobial activity, which could be used as a
wound dressing for drug-resistant bacteria. Another group, Mohandes and Salavati-
Niasari [69], produced a composite of chitosan, graphene oxide, and hydroxyapatite
NPs using the freeze-drying methodology and studied its bioactivity.

@iii) Layer-by-layer deposition (LbL)

This type of assembly, proposed in 1996 by Iler [70], is based on the adsorption of
different components, attracted to each other by van der Waals, H-bonding, electro-
static interactions, etc. Using this method, highly ordered polymeric films and NPs
can be fabricated over different kinds of substrates. One major advantage offered by
this methodology is the possibility to fabricate multi-layered devices of any nature,
composition, shape, and size; thus, nanostructures with desired functionalities can be
developed. Further tuning of the properties of multi-layered devices may be accom-
plished through solution pH, ionic strength, and temperature. This technology has
been put to use by various research groups over the years to produce scaffolds of
different compositions and types. Different LbL approaches have been used to make
a multilayer film including dip coating, spin coating, and spray coating (Fig. 14).

(iv)  Electrospinning

This type of manufacturing process uses an electric field created between the collector
and polymer solution, thus producing internal repulsion in the solution, thereby
leading to the expulsion of the polymer solution in the shape of fibers toward the
collector at a critical point. The three known types are (i) wet-dry electrospin-
ning, which uses a volatile solvent that evaporates when fibers are spun through the
collector, (ii) wet-wet method, wherein a non-volatile solvent is spun to a collector
with a second solvent, and (iii) co-axial electrospinning, that spins two different
components at the same time, thus leading to the possibility of obtaining fibers with
a core-sheath structure (Fig. 15).

This is a low-cost method and is widely popular for the fabrication of NCs for
wound dressing applications, implants, and scaffolds.

(v) Three-dimensional (3D) printing

3-dimensional (3D) printing (or additive manufacturing) is based on the use of a 3-
dimensional model to produce a physical object through a compilation of techniques
comprising biological and non-biological approaches. The main advantages of this
methodology are its cost-effectiveness and control over the geometries of synthesized
biological structures. There is no requirement for organic solvents or high processing
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Fig. 14 Schematic showing the three layer-by-layer deposition approaches: (i) dry coating, (ii) spin
coating, and (iii) spray coating. Reprinted from [60] under the Creative Commons CC by license

Fig. 15 Schematic showing the different electrospinning approaches: i wet-dry, ii wet-wet, and iii
co-axial spinning. Reprinted from [60] under the Creative Commons CC by license
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temperatures or difficulties associated with dust removal. Bio-inks are common raw
materials that are employed in 3-dimensional printers for biological applications.
They are selected keeping in mind various parameters like printability, viscoelas-
ticity, shelf life, fidelity, yield stress, shear-thinning, cost, etc. Chitosan proves to
be a good bio-ink candidate because of its favorable physicochemical properties
and essential features for extracellular matrix deposition, cell adhesion, and tissue
regeneration. However, it presents poor mechanical resistance which turns out to be
amajor limitation. Blending or coating nanomaterials helps overcome this drawback
[71]. Sommer et al. [72] developed a bio-ink containing chitosan with modified Si
NPs, that present high yield stress, elastic recovery, and storage modulus and are ideal
for 3D printing. In recent years, there has been an increasing interest in 3D printed
chitosan nanocomposites for potential biomedical applications [73] (Fig. 16).

(vi) Reverse micellar method

This method requires the deployment of a lipophilic surfactant (usually sodium
bis-(2-ethylhexyl)-sulfosuccinate or cetyltrimethylammonium bromide (CTAB)) for
solubilization in an organic solvent (preferably, n-hexane) to develop an organic
phase. Chitosan solution, glutaraldehyde, and the drug are then added to it with
constant stirring, to prevent turbidity. The last step involves the extraction of chitosan
nanoparticles (Fig. 17).

Fig. 16 Representation of chitosan hydrogels in 3D printing for biomedical applications. Reprinted
with permission from [74]. Copyright 2021 Elsevier
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Fig. 17 Schematic representing the reverse micellar method. Reprinted from [75] under the
Creative Commons Attribution—Non-Commercial 3.0 unported (CC BY-NC 3.0)

(vii)  Ionic gelation

It involves the addition of an anionic form of tripolyphosphate (TPP) solution to
the cation of chitosan solution, formed by the addition of chitosan in an aqueous
acidic solution. Electrostatic forces between the anionic TPP and chitosan cation
result in a complex, that leads to ionic gelation of chitosan. Following this, spherical
nanoparticles are created after precipitation (Fig. 18).

(viii))  Ionic gelation with radical polymerization

It entails the addition of an aqueous solution of acid monomer to chitosan solution
at room temperature. Interaction between the anionic acrylic monomer and chitosan
cation results in the ionic gelation of chitosan, and radial polymerization between
acrylic acid monomer and potassium persulfate is initiated under stream nitrogen at

Fig. 18 Schematic illustration of the ionic gelation method. Reprinted from [11] under the Creative
Commons license (CC by 4.0)
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Fig. 19 Schematic illustration of the ionic gelation method with radical polymerization. Reprinted
from [11] under the Creative Commons license (CC by 4.0)

temperatures of 60-70 °C. Following this, suspended nanoparticles are allowed to
settle overnight, while the unreactive monomer is removed by dialysis (Fig. 19).

(ix) Emulsification
(a) Emulsion droplet coalescence

The water-in-oil emulsion is developed by the addition of chitosan solution, together
with the drug, to the liquid paraffin-containing stabilizer (such as span 83), under
high-speed homogenization. Another emulsion is made in a similar way but with
sodium hydroxide. As the two emulsions are mixed, droplets of both emulsions
randomly collide and coalesce, precipitating chitosan droplets that form nanoparticles
(Fig. 20).

(b) Emulsion solvent diffusion

In this method, the water-in-oil emulsion is developed by the addition of an organic
phase (such as methylene chloride/acetone) containing a hydrophilic drug to a
chitosan solution containing a stabilizer (such as poloxamer/lecithin), under contin-
uous stirring. The organic phase is made to evaporate under high-pressure homoge-
nization. Precipitation of chitosan leads to the formation of nanoparticles, which are
separated by centrifugation (Fig. 21).

(c) Emulsification cross-linking

The water-in-oil emulsion is made by adding chitosan solution in an oil phase
followed by the stabilization of aqueous droplets by the use of a surfactant (like
span 80). Glutaraldehyde is added to facilitate the cross-linking of chitosan and
glutaraldehyde, thus leading to the formation of chitosan NPs (Fig. 22).



1 Introduction to Chitosan and Chitosan-Based Nanocomposites 27

Fig. 20 Schematic representing emulsion droplet coalescence method of synthesis. Reprinted with
permission from [67]. Copyright 2018 Elsevier

(x) Desolvation

Precipitating agent (such as sodium sulfate) is added to an aqueous chitosan solu-
tion containing a stabilizer (like Tween 80). Because of the salty surroundings of
the aqueous chitosan solution, elimination of salvation water is observed. Precipita-
tion of chitosan is followed by the addition of glutaraldehyde to harden the formed
nanoparticles.

(xi) Nanoprecipitation

A diffusing phase, formed by dissolving chitosan in an appropriate solvent, is added
to a dispersing phase like methanol under magnetic stirring by means of a needle
present above the surface with a peristaltic pump. The stabilizer is then added to the
dispersing phase, leading to the formation of nanoparticles.
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Fig. 21 Schematic representing emulsion solvent diffusion method of synthesis. Reprinted with
permission from [67]. Copyright 2018 Elsevier

Fig. 22 Schematic representing emulsification cross-linking method of synthesis. Reprinted with
permission from [67]. Copyright 2018 Elsevier

(xii)  Spray drying

Chitosan solution, prepared by dissolving chitosan directly in water with glacial
acetic acid, is stored overnight. Small droplets are made through atomization of the
chitosan solution, which is then mixed with a drying gas to evaporate the liquid, thus
forming the nanoparticles (Fig. 23).
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Fig. 23 Schematic representing the spray drying method. Reprinted from [75] under the Creative
Commons Attribution—Non-Commercial 3.0 unported (CC BY-NC 3.0)

8.2 Cross-Linking of Chitosan Nanocomposites

Cross-linked chitosan NCs have been of great therapeutic use for controlled drug
release. Cross-linking of chitosan is achieved to control swelling, rates of degradation,
and drug release profile. Chitosan can be cross-linked in two ways:

(i) Covalent cross-linking: Covalent cross-linking of chitosan is the preferred
type because it provides stability under acidic conditions, unlike ionic cross-
linking. Herein, covalent bonds form between the cross-linking agent and the
polysaccharide chains. Common covalent cross-linkers/cross-linking agents
are glutaraldehyde and epichlorohydrin, viz. compounds having at least two
functional groups, which can undergo condensation reactions.

(i) Ionic cross-linking: In this type, anionic cross-linkers with multivalent ions,
like TPP, cross-link with chitosan via electrostatic interactions.

Due to the presence of amine groups in the chitosan framework, it can be easily
cross-linked with numerous cross-linking agents.

9 Chitosan Metal Nanocomposites

A specific type of chitosan nanocomposite, chitosan metal nanocomposites, is
increasingly being used in numerous biomedical applications which are specifically
discussed in terms of their characteristics. Several metals like copper (Cu), zinc
(Zn), silver (Ag), iron (Fe), gold (Au), etc., can be integrated into several forms
of nanoparticles, to synthesize chitosan metal NCs with improved physicochemical
and biological characteristics. The strong metal affinity of chitosan is a result of the
presence of free amine groups in the polymeric framework of chitosan. In the case
of metal cations, the adsorption occurs through a chelation mechanism by the amine
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groups in a neutral medium, while the adsorption of metal anions occurs in acidic
solutions via electrostatic attraction forces between the protonated amine groups of
chitosan. Chitosan metallic nanoparticles can be synthesized in two steps [76]:

(1)  The first step is the reduction which requires the use of a reducing agent
(i)  Secondly, the nanoparticles formed are stabilized using a stabilizing agent.

Toxicity levels of the formed nanoparticles depend upon the properties of the
stabilizing agent; hence, it is very essential that the stabilizing agent used is non-
toxic in nature. Chitosan is less toxic in nature and highly permeable across the
cell membrane and thus proves to be a highly preferable candidate to be used as a
stabilizing agent. When used as a stabilizer, it enhances the stability of nanoparticles
by displaying improved surface absorption, specific recognition, and electrostatic
interactions.

Chitosan metal NCs show a wide spectrum of activity against fungi and Gram-
positive and Gram-negative bacteria. However, at the same time, there are also certain
limitations with respect to their use. For instance, Cu NPs oxidize rapidly upon air
exposure. Chitosan when used as a stabilizer helps overcome this drawback. Also,
the chitosan coating of such NPs facilitates the improvement of their antimicro-
bial activity. Some of the commonly known chitosan metallic nanocomposites are
discussed below [75, 77]:

9.1 Chitosan-Gold Nanocomposites

Gold (Au) nanoparticles are known to be useful in numerous biomedical fields, like
drug delivery and diagnosis. However, Au nanoparticles produced by conventional
methodologies (Turkevich’s method) employ the use of toxic reducing agents to
reduce Au(Ill) and facilitate stabilization of Au(0) on the nanoparticle surfaces. In
this case, the replacement of these toxic reducing agents with non-toxic chitosan
can greatly enhance the biocompatibility of the ensued NCs. Chitosan is used as
the reducing agent in the reduction step of the synthesis of chitosan-gold NC. In
addition to this, chitosan also enhances the penetration and uptake of therapeutic
agents across the mucous membrane. Bhumkar et al. [78] synthesized chitosan-Au
NPs loaded with insulin that did not aggregate for around six months and successfully
reduced glucose levels in the blood of diabetic rats. Another group, Salehizadeh et al.
[79] prepared Fe;O,4 gold chitosan nanocomposites and established their usefulness
in various biomedical applications.

9.2 Chitosan-Nickel Nanocomposites

Owing to the highly exceptional properties of nickel oxide (NiO) like electrocatalytic
activity, high isoelectric point, and the possibility of altering surface properties in
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accordance with the size, it has been highly preferred for the immobilization of
different enzymes and other biomolecules. The major drawback of NiO nanopar-
ticles getting agglomerated during their use is overcome with the help of chitosan
which is employed as a stabilizer. Solanki et al. [80] synthesized chitosan-nickel
NC:s for biosensing applications. The preparation method involved the addition of
pre-formed nickel oxide nanoparticles in a 0.5% solution of chitosan, made in acetate
buffer. On subjected to mechanical stirring at room temperature, the desired nanopar-
ticles were obtained in a viscous chitosan solution. The NCs were formed through
electrostatic interactions between the nickel oxide nanoparticles and the hydroxyl
group of chitosan. The formed NCs were further used to fabricate a highly sensitive
and selective immunesensor, and it was concluded that chitosan played a significant
role in the dispersion of the nickel oxide NPs and enhanced the loading capacity of
antibody molecules.

9.3 Chitosan-Iron Nanocomposites

Fe, 03 nanoparticles display numerous favorable properties like biocompatibility,
non-toxic nature, high solubility in water, cost-effectiveness, crystallinity, super-
paramagnetic behavior, etc. It acts as a strong antimicrobial agent due to its highly
crystalline structure that renders them with many corners and edges that can act as
potentially reactive sites. These nanoparticles are coated with chitosan in order to
alter the functional groups on the NPs and change the surface potential. Chitosan
can strongly bind with Fe,O; NPs through H-bonding because of the availability of
hydroxyl groups in the chitosan framework. It has even been proved that chitosan-
coated iron oxide NPs act as a better antimicrobial agent when compared with
bare iron oxide NPs. The inhibition of the growth of microbes by chitosan is a
direct result of the chelation between its positively charged amino group and the
negatively charged components of the microbial cell membrane. Furthermore, the
coating of chitosan protects the iron oxide nanoparticles from getting aggregated in
an aqueous medium, consequently resulting in their enhanced antimicrobial activity.
Unsoy et al. [81] synthesized chitosan-coated Fe,O3; nanocomposites by the cross-
linking method. Cationic chitosan was adsorbed on the surface of anionic Fe;O4
nanoparticles via electrostatic interactions, with TPP used as an ionic cross-linker.
The prepared NCs were found to be non-cytotoxic on cancer cells, and their potential
applications in biomedicine were reported. Figure 24 is a schematic depicting the
structure of chitosan-iron nanocomposites.
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Fig. 24 Representation of
the structure of chitosan-iron
nanocomposite. Reprinted
with permission from [77].
Copyright 2021 Elsevier

9.4 Chitosan-Copper Nanocomposites

Copper nanoparticles have been receiving major attention because of their low cost
in contrast to Ag and Au nanoparticles. However, one major limitation is the oxida-
tion of copper to copper (I/II) oxide during their preparation. To provide stability
to the copper nanoparticles, chitosan is used as a stabilizer. Due to its ability to
chelate metals, it ensures that the nanoparticles formed are of appropriate shape and
size. Qi et al. [82] prepared copper-loaded chitosan NCs by ionic gelation between
TPP and chitosan that displayed a significant growth inhibition of a vast range of
microorganisms. Figure 25 is a schematic showing the structure of chitosan-copper
nanocomposite.

9.5 Chitosan-Silver Nanocomposites

The bactericidal effects of silver (Ag) have been realized since ancient times.
Moreover, Ag nanoparticles are known for their antibacterial, antifungal, and anti-
inflammatory action. Silver nanoparticles are believed to alter the structure and
permeability of the cell membrane of bacteria by binding the positively charged silver
with the negatively charged bacterial cell wall. The incorporation of chitosan as a
stabilizer or reducing agent further provides stability (steric/electrostatic) to the NPs,
through an interplay between the amino group of chitosan and Ag*. Sanpui et al. [83]
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Fig. 25 Representation of
the structure of
chitosan-copper
nanocomposite. Reprinted
with permission from [77].
Copyright 2021 Elsevier

followed a chemical reduction method to synthesize Ag NPs coated with chitosan that
displayed excellent antimicrobial activity, biodegradability, and prolonged action of
Ag on the affected cells and thus were concluded to have potential applications in
biosensing and cancer therapy. Figure 26 is a schematic showing the structure of
chitosan-silver nanocomposites.

Fig. 26 Representation of
the structure of
chitosan-silver
nanocomposite. Reprinted
with permission from [77].
Copyright 2021 Elsevier
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10 Properties of Chitosan Nanocomposites

10.1 Loading and Release of Drugs

Generally, two methods for putting medicines into chitosan nanoparticles comprise
absorption and integration. On the other hand, diffusion, swelling, and erosion are
the three methods for drug release from chitosan nanoparticles. In the context of
protein, meanwhile, the drug-releasing actions are diffusion, desorption, and release.
Dissolution rate, diffusion, and nanoparticle size are all important parameters that
influence the drug release rate from chitosan nanocomposites.

10.2 Particle Size and Zeta Potential

The zeta potential of nanoparticles can be determined using electrical potential and
the movement of charged particles. The value of zeta potential can be positive, nega-
tive, or neutral depending on how the polymer’s surface is modified. The average
particle size can be determined using photon correlation spectroscopy, which is
focused on light scattering generated by Brownian motion of the particles. Scan-
ning or transmission electron microscopy or atomic force microscopy can be used to
determine particle size and shape. The dimension of chitosan nanoparticles has thus
been reported to be between 100 and 400 nm.

10.3 Study of Cytotoxicity and Cellular Uptake

Cell viability must be measured in order to study the cytotoxicity of chitosan nanopar-
ticles. MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) is a
simple, non-radioactive test for determining cell viability. Confocal microscopic
examination is also used to ensure efficient cellular uptake of chitosan nanoparticles
(CMA).

104 Stability

The therapeutic efficacy of pharmaceutical products depends upon a very important
factor which we refer to as the stability of nanoparticles. Agglomerations of particles,
coagulation, and bridging flocculation affect the physical stability of nanoparticles.
The chemical stability of nanoparticles, on the other hand, is impacted by elements
such as formulation composition, temperature, medium pH, molecular weight, and
polymer type.
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10.5 Antimicrobial Properties of Chitosan Nanocomposites

Chitosan’s antibacterial capabilities are due to its positively charged characteristics.
Studies on the antibacterial characteristics of chitosan nanocomposites are being
conducted in a variety of fields, including water management and treatment systems.
The killing mechanism of chitosan is the disruption of germs’ natural structure
caused by interactions between both the positive charge of chitosan and the nega-
tively charged bacterial walls of bacteria and/or protein within. Yet, due to the very
weak positive charge center of amino groups on the chitosan backbone, this activity
is limited. As a result, the positive charge within chitosan must be strengthened.
Chemical modification of chitosan is one method that can be employed to accom-
plish this. Using the agar disk diffusion experiment, Hajji et al. [84] demonstrated
the antibacterial capabilities of a nanocomposite containing chitosan-poly(vinyl
alcohol)-Ag nanoparticles against Gram-positive and Gram-negative bacteria. They
claimed that the nanocomposite films slowed the growth of these bacteria, and they
offered mechanisms for their success. The antimicrobial properties of chitosan and its
nanocomposites are being investigated further for the creation of antifouling and anti-
biofouling nanocomposites. Fouling is among the major challenges that membrane-
based wastewater treatment technology faces, particularly in a classic membrane
reactor. Membrane fouling can lower permeate flux and efficiency, boost energy usage
and cleanup frequency, shorten membrane longevity, and thereby raise the cost of
maintenance. Natarajan et al. [85] found that combining TiO, and Ag nanoparticles
with chitosan significantly improved the antifouling mechanism toward Scenedesmus
sp. and Chlorella sp. algae. With the photocatalytic activity of TiO, and dissolution of
Agions from the films, UV light irradiation raised the hydrophilicity of the nanocom-
posite films while also increasing their toxic effects on both algae species, limiting
the development of slime that causes fouling of the films. Figure 27 summarizes the
different physical and chemical properties of chitosan nanocomposites.

11 Characterization of Chitosan Nanocomposites

Numerous characterization techniques can be employed for the investigation of
chitosan nanocomposites, either individually or as a combination. Chitosan NCs
may be characterized for various properties, such as size and morphology, structure,
and optical properties. The various popular techniques used for the characterization
of chitosan nanocomposites are as follows [75, 86]:
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Fig. 27 Different physical and chemical properties of chitosan nanocomposites. Reprinted with
permission from [1]. Copyright 2021 Elsevier

11.1 Measurement of Size

One of the main parameters to be assessed in the characterization of chitosan
nanocomposites is their size, which greatly influences their physical and biolog-
ical properties. Some of the commonly used characterization techniques for the
assessment of their size are as follows:

®

(i)

(iii)

(iv)

Dynamic light scattering (DLS): It determines the size of nanoparticles
dispersed in colloidal suspensions, by measuring their light scattering ability
and Brownian motion. Due to the involvement of low nanoparticle concen-
trations, the multiple scattering effects are avoided. Size values determined
by DLS are governed by certain factors like particle shape and concentration,
NP surface coating, and colloidal stability.

Nanoparticle tracking analysis (NTA): A recently developed technique for
determining the dimensions of NPs that exploits the light scattering ability
and Brownian motion of NPs dispersed in a liquid to determine their size
distribution. It proves to be a better method than DLS as the average size
values are more precise as compared to the ones obtained in the case of DLS.
NTA may also be used to identify various concentrations in a polydisperse
sample making it possible to track single particles, unlike DLS.

Differential centrifugal sedimentation (DCS): Measurement of particle size
by DCS is done based on their sedimentation rates. It provides high sensitivity,
ultra-high resolution, accuracy, and reproducibility in results.

Small-angle X-ray scattering (SAXS) method is a scattering method that inves-
tigates the interaction between the sample and an X-ray beam of high energy.
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Scattered rays are detected using a two-dimensional detector. The refractive
index of particles is not any determining factor in this technique.

11.2 Measurement of Morphology

Morphology of chitosan nanoparticles (dimensions, shape, and tendency to aggre-
gate) is assessed using characterization techniques like:

(i)  Scanning electron microscopy (SEM): This tool is used to study the purity,
homogeneity, and dispersion degree of nanoparticles. It also measures their
tendency to produce aggregates along with the degree of aggregation. It is
carried out inside the sample chamber at the relative temperature and humidity.

(i) Transmission electron microscope (TEM): TEM may prove to be a more
preferable option when it comes to distinguishing individual particles in
systems that tend to agglomerate, where other techniques like SEM fail. This
is due to the high resolution of sample images and precise measurement of
nanoparticle dimensions and homogeneity. However, one major limitation is
the incapability to characterize a large number of particles and thus needs to
be combined with other microscopic techniques.

(i) Confocal laser electron microscopy (CLSM): It assists in obtaining 3-
dimensional images of chitosan nanoparticle distribution at a resolution of
micrometers, through optical sectioning. Images are obtained at higher reso-
lutions, and image quality is enhanced due to the laser sectioning method. In
order to visualize cells and tissues, long exposure of samples to the laser is
possible. CLSM is an efficient tool that provides information regarding the
morphology of nanoparticles, particularly after internalization within cells
and tissues.

(iv)  Atomic force microscopy (AFM): Owing to its high spatial resolution, versa-
tility (ability to work in different environments), and the possibility to study
any kind of material or biological sample, AFM can provide resolutions with
a minimum amount of sample and thus is commonly used for analyzing the
size and three-dimensional topography of chitosan nanoparticles.

(v)  Scanning probe microscopy (SPM) refers to the AFM technique with modified
tips and software that is deployed for almost all types of measurable attraction
forces, like van der Waals, thermal, electric, and magnetic interactions. In the
case of polydisperse samples, AFM provides higher accuracy in contrast to
DLS.

11.3 Measurement of Specific Surface Area

Brunauer Emmett Teller (BET): It determines the specific surface area (SSA) of
particles based on the adsorption of a gas on a sample surface. It provides an edge over
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DLS and DCS methods as even smaller SSA values can easily be measured; however,
the aggregation tendency of nanoparticles might lead to errors in the measurement.
SSA on chitosan nanoparticles is governed by the synthesis process. For instance,
Villegas-Peralta et al. [§7] synthesized chitosan nanocomposites through two ionic
gelation methods by varying the stirring time and amount of TPP, concluding that
the highest TPP amount showed higher SSA in particles, because of the different
size, morphology, and porous surface.

11.4 Measurement of Chemical Composition

(i)  Fourier transform infrared spectroscopy (FTIR): It helps to identify typical
functional groups and the interactions between them by detecting electromag-
netic radiation (EMR) absorption within the infrared region. The data obtained
is related to molecular structures and interactions.

(i) X-ray photoelectron spectroscopy (XPS): Based on the photoelectric effect
working under ultra-high vacuum surroundings, this technique allows quan-
titative chemical investigation of the surface of samples. It is employed to
obtain data about the composition, electronic structure, ligand exchange inter-
actions, oxidation state of an element, and surface functionalization of the
nanoparticles.

(iii) Nuclear magnetic resonance spectroscopy (NMR): This technique is used
to examine the interactions between the diamagnetic or antiferromagnetic
nanoparticle surface and ligand. It identifies specific chemical shifts of the 'H
and '*C NMR signals of chitosan and estimates the degree of cross-linking of
chitosan to produce the chitosan nanocomposites.

115 Measurement of Zeta Potential

Zeta potential is measured using ZetaMeter, which applies the principle of elec-
trophoresis. On the application of an electric field, dispersed particles move toward
an oppositely charged electrode carrying a velocity that is proportional to the
zeta potential. This velocity is determined using Laser Doppler Anemometer. This
technique was used by Rodrigues et al. [88] for measuring the zeta potential for
chitosan/carrageenan NPs.

11.6 Measurement of Antimicrobial Properties

(i) Plate count method: A cost-effective yet time-consuming methodology that
requires counting the colony-forming units of bacteria on an agar plate.
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(i) Microtiter plate assay: In this method, dilutions of nanoparticles and mycobac-
teria are keptin an incubation period of 7 days at 37 °C, followed by the addition
of resazurin at the end of the incubation period and further incubation. A color
change (blue to pink or colorless) indicates the bacterial growth, and the lowest
concentration of nanoparticle that is able to prevent the growth of bacteria is
called the minimum inhibitory concentration (MIC).

11.7 Drug Content, Loading Efficiency, and Drug Release
Measurements

The nanoparticles system is subjected to centrifugation at high speed, and the amount
of drug in the supernatant is examined. Following this, the drug content is measured
using high-performance liquid chromatography (HPLC) or spectrophotometry.
Loading efficiency is then determined using the formula:

Amount of drug in a definite mass of the particles

Loadi fficiency =
acing eticienicy Total mass of the particles

The drug release profile from the synthesized chitosan nanoparticles is determined
using the in vitro release test.

12 Biomedical Applications of Chitosan Nanocomposites

Because of their non-toxic character, chitosan nanoparticles have become quite
important in biomedical research. The following is an overview of the different
biomedical applications of chitosan-based nanoparticles.

12.1 Chitosan-Based Nanoparticles for the Treatment
of Cancer

The anticancer efficacy of chitosan nanoparticles is due to their small size. The tiny
particle size increases the surface-to-volume ratio and specific surface area, which
aids in the solubility of chitosan and hence its bioavailability. Mathew et al. [§9]
created a novel folic acid-linked carboxymethyl chitosan quantum dot nanoparticle
that was connected to manganese doped zinc sulfide quantum dots. This strategy
can be used to identify cancer cells, manage drug distribution, and image them. 5-
Fluorouracil, an anticancer medication that can be used to treat breast cancer, was
chosen for this investigation.
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12.2 Chitosan Nanoparticles for Tissue Engineering

Chitosan and its derivatives are potential biomaterials for tissue engineering scaffold
applications because of their biocompatibility, biodegradability, and non-toxicity.
The mechanical characteristics of a chitosan-based scaffold are affected by the pore
shape and orientations, according to the findings. Furthermore, chitosan’s cationic
properties allow for pH-dependent electrostatic interactions with anionic species.

12.3 Chitosan Nanoparticles for Wound Dressing

Nanocomposites’ wound-healing qualities are one of the most studied features for
biomedical applications. Because of the potential applications for chitosan-based
wound dressings, many chitosan nanocomposites have been proposed and devel-
oped with the goal of creating an optimal wound treatment that provides a superior
physical shield, accelerates the healing of wounds, and boosts antibacterial activity.
The application of chitosan nanocomposite films as a wound dressing is depicted in
Fig. 28.

Nanocomporite films have
good antibacterial effect Nanocomposite Film

Fastest hoaling rate (97%)
with high collagen deposition
and less scarring.

Fig. 28 Schematic illustrating would healing using chitosan nanocomposite films. Reprinted with
permission from [90]. Copyright 2018 Elsevier
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12.4 Chitosan Nanoparticles for Encapsulation
of biologically Active Compounds

In the food and biochemical sector, chitosan-based products have an ever-increasing
type of use. Encapsulating any component, whether hydrophobic, hydrophilic, or
bacterial, is possible where chitosan does not lose the biocompatibility of macro-
molecules like proteins and DNA. Chitosan’s positive charge interacts strongly with
negatively charged molecules without affecting its function. Jang and Lee [91] inves-
tigated the properties and longevity of vitamin C-loaded chitosan nanoparticles made
by ionic gelation of chitosan with TPP anions in an aqueous medium during thermal
treatment. Chitosan nanoparticles were discovered to be stable at high temperatures,
and the constant generation of vitamin C from chitosan nanoparticles was observed
in this study.

125 Chitosan Nanoparticles for Drug Delivery

Chitosan and its derivative products can be used to improve peptide- and protein-
based medication delivery systems. Chitosan has also been extensively examined in
the delivery of drugs to the brain. Because it affects the tight junction, it can increase
drug permeability across the blood-brain barrier. The chitosan polymers have also
stabilized insulin’s natural structure. Because of the positive charge on the surface,
chitosan nanoparticles can be absorbed on the negatively charged cell membrane,
improving the residence period on the nasal mucosa. As a result, medication transport
from the nasal passages to the brain is optimized. The ability to target a brain tumor
is improved even more by surface modification of chitosan nanoparticles with tumor-
targeting peptides such as chlorotoxin and transferrin [92]. Figure 29 is a schematic
drawing of a multifunctional polymeric nanocomposite used as a drug carrier.

12.6 Chitosan Nanoparticles for Bone Engineering

In bone engineering, chitosan nanocomposites with nanofillers such as hydrox-
yapatite, bioactive glass, copper nanoparticles, zeolite, and carbon filler are
commonly employed. Sun et al. [94] investigated the mechanical properties of
chitosan/nanodiamond nanocomposites, such as tensile modulus and indentation
hardness. When 5 wt% nanodiamond filler was added to chitosan nanocompos-
ites, the indentation hardness and tensile modulus increased by 127% and 343%,
respectively.
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Fig. 29 Schematic representation of a multifunctional polymeric nanocomposite used for drug
delivery. Reprinted with permission from [93]. Copyright 2008 Elsevier

12.7 Chitosan Nanoparticles for Antioxidant Activity

Chitosan is perceived to be an antioxidant. It can donate hydrogen or a lone pair
of electrons to hunt for free radicals and bind metal ions. Chitosan’s hydroxyl and
amino functional groups react with metallic ions, causing a variety of reactions such
as adsorption, chelation, and ion exchange. Chitosan’s strong hydrogen bonds and
semi-crystalline structure ensure that it cannot be separated from the metal ions.
Hence, chitosan nanocomposites show significant antioxidant activity.

12.8 Chitosan Nanoparticles for Biosensor Applications

In contrast to pure chitosan, chitosan nanocomposites-based biosensors have been
found to have improved sensitivity, efficiency, and durability. Many nanostruc-
tured inorganic materials, such as cuprous oxide nanoparticles, NiFe,O4 nanopar-
ticles, FesO4 nanoparticles, TiO, nanoparticles, and cerium oxide nanoparticles,
are frequently utilized in nanocomposites to boost the electronic characteristics
and conductivity of chitosan-based materials. Biosensors to measure glucose in
human serum, cholesterol in human blood serum, and immunesensors for ochratoxin-
A are typical examples of applications. A chitosan-based biosensor is depicted
schematically in Fig. 30.
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Fig. 30 Schematic representing a chitosan-based biosensor. Reprinted with permission from [95].
Copyright 2013 Elsevier

129 Chitosan Nanoparticles for Enzyme | mmobilization
Support

Chitosan is a wonderful ingredient for enzyme immobilization because of its many
features, including increased chemical resistance and the ability to keep metal ions
from disrupting an enzyme. Chitosan is considered appropriate for enzyme immo-
bilization because it has an amino functional group. Using glutaraldehyde (GA) as a
cross-linker, trypsin immobilized on linolenic acid-modified chitosan nanoparticles
has been examined, and it is discovered that the thermal stability and optimal temper-
ature of immobilized trypsin are enhanced [96]; lipase enzymes can be immobi-
lized using chitosan magnetic core—shell nanoparticles. Because of the tight connec-
tion between chitosan and lipase, enzyme loading and adsorption are improved.
D-carbamoylase and D-hydantoinase are incorporated in chitosan-based materials
for the manufacture of D-p-hydroxyphenylglycine, as shown in Fig. 31.

12.10 Chitosan Nanoparticles as Antimicrobial Agents

Chitosan nanoparticles have been used as antibacterial agents to prevent the usage
of synthetic materials. The positively charged chitosan combines with the negatively
charged phospholipid of the cell membrane, causing the cell’s porosity to change,
causing cell death and outflow of cell components. Chitosan’s ability to chelate
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Fig. 31 Schematic showing encapsulation of D-carbamoylase and D-hydantoinase encapsulated in
chitosan-based materials for production of D-p-hydroxyphenylglycine. Reprinted from [97] under
the Creative Commons (CC BY) license

metal ions is one of the reasons for its antibacterial properties. The mechanism of
chitosan’s antibacterial effect is depicted in Fig. 32. Chitosan can also get through
the cell wall and attach to DNA, preventing the production of mRNA [98, 99].

Gram negative Gram positive
o,
- iy,
&
-
A
S
o |
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Fig. 32 Schematic showing the mechanism of antimicrobial action of chitosan. Reprinted from
[101] under the Creative Commons BY license



1 Introduction to Chitosan and Chitosan-Based Nanocomposites 45

Chitosan Ag nanoparticle composites were found to be effective against the disease
Colletotrichum gloeosporioides, which causes mango anthracnose [100].

1211 Chitosan-Based Nanoparticles for Gene Therapy

Chitosan and its variants have recently been investigated as a nonviral gene therapy
vector for the retina. Pure oligo-chitosan polyplexes are created, described, and
proved to be efficient in protecting the plasmid from enzymatic digestion and
improving transfection [102]. An oligomer-based example is a chitosan—-DNA
nanoparticles, which have recently been sold and utilized as transporters for nonviral
gene therapy. These freshly formed nanoparticles, ultrapure chitosan—-DNA nanopar-
ticles, could be examined for gene therapy applications and the cure of eye
illnesses outside the cornea [103]. Furthermore, chitosan—TPP nanoparticles show
possibilities as viable vector options for siRNA delivery that is both safe and
cost-effective.

13 Limitations and Challenges of the Use of Chitosan
Nanocomposites in Biomedical Research

One major drawback that often limits the use of chitosan nanocomposites for biomed-
ical applications (and related applications) is their lack of stability. However, there
is enough scope for overcoming this limitation, and that is by controlling the envi-
ronmental factors, introducing a proper stabilizer, and maintaining the temperature.
The chitosan may be blended with other polymers to enhance its stability features,
or its structure may be modified by introducing certain ionic or chemical agents.
Another major inadequacy may be their weak solubility, which limits the possibility
of encapsulation to only hydrophilic drugs. Modification of chitosan nanocompos-
ites is necessary for the encapsulation of hydrophobic drugs. In today’s time, when
researchers from around the world are emphasizing green chemistry and applying
its principles to actual practical use, the need of the hour is to shift the production of
chitosan and chitosan NCs from laboratory scale to industrial scale via greener and
sustainable pathways. To put chitosan NCs to commercial use, proper regulations
of use and toxicology studies are needed to affirm its biocompatibility in humans
[67]. Furthermore, there is still a need for more investigation on economic sources
from which chitosan can be isolated. The current preparation methods are expen-
sive, even though the marine sources are abundant and renewable in nature. Thus,
more research is warranted on developing more economical production protocols for
chitosan and its derived products for upscaling to industrial use. Despite the fact that
chitosan and its derivatives do not have much hazardous environmental impact, there
are still doubts about the harmful chemical solvents deployed in their processing.
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14 Conclusion and Future Prospects

Owing to its biological properties like biocompatibility, non-toxic nature, and good
antimicrobial action, among other attributes, chitosan, a natural biopolymer extracted
from chitin, is widely explored in the field of biomedicine. Having said that, certain
drawbacks with respect to its biological nature yet exist. Poor solubility, low thermal
stability, weak mechanical properties, and expensive production methodology still
restrictits mass commercial use. However, its superb chelating ability, rendered by the
free amino and hydroxyl groups in its carbon framework, is exploited by researchers
to produce functionalized chitosan derivatives with improved properties compared
to their bulk counterparts. Since the advent of nanotechnology, chitosan nanocom-
posites have become increasingly popular in the biomedical research field including
cancer therapy, drug delivery, wound healing, tissue engineering, bioimaging, and
dentistry, among others; they are seen as excellent antibacterial, antifungal, and
antiviral agents. Chitosan nanocomposites are biocompatible, biodegradable, non-
toxic, renewable, abundant, and versatile. There is also future scope for improvement
in their potential commercial expansion if more research is carried out and further
investigations are performed to render them industrially feasible. Additional research
on making the extraction process of chitosan more cost-effective, finding alternatives
to harmful chemical solvents, and further optimization of the synthesis steps shall
open new windows of opportunities with respect to their potential applications in the
near future. Furthermore, additional explorations probing the in vivo interactions of
nanocomposites and the degradation of nanocomposites would be highly meaningful
for their market expansion.
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Chapter 2 M)
Strategies for Synthesis and Chemical skl
Modifications of Chitosan-Based
Nanocomposites: A Versatile Material

with Extraordinary Potential for Diverse
Applications

Mansi, Shikha Gulati, and Anoushka Amar

Abstract Chitosan is a bio-functional polysaccharide that has a great potential for
applications in various fields owing to its chemical functional groups which can be
easily modified to achieve specific goals. Chitosan-based nanomaterials are gaining
immense interest from researchers due to their versatile physicochemical and biolog-
ical properties. In the present chapter, we give a complete overview of the preparation
strategies of chitosan nanoparticles, including both novel and green methods. More-
over, we have systematically summarized the modification strategies of chitosan for
improving their water solubility, biocompatibility, mechanical properties, and antimi-
crobial activity, which will help the researchers pick the most appropriate strategy
for its particular application.

Keywords Chitosan + Chemical modifications * Cross-linking - Chitin -
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PEG Polyethylene glycol

QAS Quaternized ammonium salt

TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
TPP Sodium tripolyphosphate

1 Introduction

The research interest in natural polymers has been rising for the last three decades.
The worldwide market for chitosan derivatives has grown at a rate of approximately
6.5% approximately over a period of 5 years, and in 2024, it is anticipated to reach
53 million USD, owing to the increasing investments in newer drug developments,
applications in the biomedical field, as well as applications like detoxification of
water and wastewater. There is also a growing interest in the use of bio-degradable
chitosan products such as fertilizers. Key areas of interest include physical modera-
tion of polysaccharides to increase their applications in the mechanisms of biological
activity of the enzymatic methods, polymers, chemical, and products of their phys-
ical, enzymatic, chemical, or degradation; and the molecular and biochemical char-
acterization of chitosanolytic and chitinolytic enzymes synthesized by numerous
organisms. Chitin deacetylases can be used to bio-convert chitin to chitosan. The
aforementioned enzymatic reaction has many advantages over the traditional process
used in the conversion, namely, the production of chitosan with the desired degree of
deacetylation and higher molecular weight. Chitosanases and chitinases are two other
enzymes involved in chitosan and chitin conversion. The various functional groups
of chitosan can be moderated using a large number of ligands. The amino group func-
tional group within ligands can be used in a variety of chemical reactions, including
metal chelation, sulfonation, alkylation, carboxymethylation, grafting acetylation,
quaternization, and so on. Hydroxyethylation, carboxymethylation, sulfonation, and
phosphorylation can also be used to modify hydroxyl groups. A plethora of effective
strategies for chitosan and its derivatives have been created in order to broaden their
applications by increasing their antimicrobial activity and water solubility. Betaine,
nitric oxide (NO) releasing donors, a quaternary phosphonium salt, and metal ions,
for example, have been added to chitosan derivatives to improve their antimicrobial
activity. Various solid materials with good adsorptive properties have been used to
improve the heat resistance, strength, and adsorptive activity of chitosan. Chitosan in
combination with activated carbon performs well in the removal of some inorganic
and metallic pollutants from an aqueous medium. This chapter aims to present recent
research on a wide range of chitosan modification strategies [30].
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Fig. 1 Structures of chitin and chitosan

2 Structures and Properties of Chitosan

2.1 Structure

Chitosan’s structure (Fig. 1) is very similar to that of cellulose, which is made up
of hundreds to thousands of —(1-4) linked D-glucose units [57]. The hydroxyl group
at the C-2 position of cellulose has been replaced by an acetamide group in the
chitosan structure. Chitosan, also known as —(1-4) linked 2-amino-2-deoxy—D-
glucopyranose, is an N-deacetylated chitin derivative obtained by converting the
acetamide groups into primary amino groups [2].

However, chitin deacetylation is never complete, so some chitosan or deacety-
lated chitin still contains acetamide groups. Chitosan and chitin both contain 5-8%
nitrogen, in the form of acetylated amine groups in chitin and primary aliphatic
amine groups in chitosan [11] On each repeat unit of chitosan, there are primary and
secondary hydroxyl groups, as well as an amine group on each deacetylated unit.
These reactive groups can easily change the physical and mechanical properties of
chitosan [26].

The presence of amine groups in chitosan is advantageous because it allows
for various biological functions as well as the use of modification reactions [3].
Chitosan’s excellent properties, such as biocompatibility, biodegradability, bioac-
tivity, non-toxicity, and good absorption, make it an excellent alternative to synthetic
polymers [12, 67].

2.2 Physiochemical Properties

Chitosan is well-known for its chelation, solubility, viscosity, mucoadhesive nature,
film formation, polyoxysalt formation, and polyelectrolyte behavior. The unbranched
and linear forms of chitosan have high viscosity and can be customized by adjusting
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the deacetylation conditions. Chitosan is distinguished by its low crystalline region
content and a high degree of deacetylation. Several factors influence the physico-
chemical properties of chitosan, including the degree of deacetylation (DD), crys-
tallinity, MW, and degradation methods [19]. Commercial chitosan is classified into
two types based on its MW: high MW chitosan and low MW chitosan. High MW
chitosan has a molecular weight (MW) of 190-375 kDa and a DD of >75%, whereas
low MW chitosan has a MW of 20-190 kDa and a DD of 75%. It was discovered that
the rate of chitosan degradation is inversely proportional to DD and is affected by the
order and distribution of acetyl groups. Every glycosidic residue contains three reac-
tive positions, one amino group, and two hydroxyl groups. The amino group is very
important because it is responsible for the cationic nature of chitosan as well as the
regulation of its various physiochemical properties. It is also pH sensitive. Chitosan
dissolves and forms soluble cationic polysaccharides due to the pH-responsive amino
groups protonated at lower pH. At a pH greater than 6, the amino group is depro-
tonated, rendering chitosan insoluble. Its solubility is also affected by acetyl group
positioning along the chain, deacetylation methods, and ionic strength. Chitosan
exhibits chelating properties for several metal ions at an acidic pH, which occurs at
a pH = 7 or by electrostatic attraction on protonated ionic groups.

2.3 Biological Properties

According to studies, chitosan is a non-toxic, biocompatible, and biodegradable
polymer [4, 36, 62]. Chitosan and its derivatives showcase exceptional biological
properties like anti-inflammatory [10, 37], anti-tumor, anti-bacterial [23, 72], anti-
fungal [72], hemostatic [76], and analgesic [5, 76]. Chitosan has a powerful anti-
bacterial effect on a wide variety of pathogenic bacteria due to its cationic nature,
which allows negatively charged proteins and lipids in the bacterial cell wall to
interact. Chitosan diffusion into the cell membrane causes membrane permeability
to expand and disrupt, resulting in cytoplasmic portion leakage and bacterial cell
death. Various in-vitro experiments revealed that chitosan’s antibacterial function
may be due to its DNA binding capacity. When chitosan comes into contact with
bacteria nuclei, it binds to DNA and prevents mRNA synthesis [17, 38].

Chitosan’s antifungal properties are due to an electrostatic reaction with the nega-
tively charged phospholipids in the cell membrane. Chitosan can penetrate the cell
and prevent DNA/RNA synthesis, resulting in cell death when the cell membrane
is disrupted. The DD and MW play an important role in regulating chitosan’s anti-
fungal properties. Chitosan’s antifungal effect is generally enhanced when the DD is
higher and the MW is lower [71]. Chitosan has anti-inflammatory properties because
it inhibits the release of interleukin-8 (IL-8) and tumor necrosis factor (TNF) from
mast cells [53]. Chitosan is superior to NSAIDs (the conventional medications for
various inflammatory conditions). It has no gastric side effects because the free amino
groups form a defensive shield over the stomach. Chitosan can also be used to heal
connective tissues. When chitosan is acid hydrolyzed, glucosamine monosaccharides
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are formed, which form the proteoglycan structural units of connective tissues and
cartilage, assisting in tissue repair. Chitosan derivatives with anti-tumor activity are
known as chit oligosaccharides. According to some researchers, the anti-tumor effects
were caused by the increased activity of natural killer lymphocytes. Chit oligosac-
charides are thought to cause T-cell differentiation and proliferation by stimulating
lymphocyte-activating factors. Some research suggests that chit oligosaccharides
effectively boost immune responses and modulate the functions of immunocompe-
tent cells [47]. Chitosan (poly-N-acetyl glucosamine) exhibits a hemostatic effect
by accelerating erythrocyte accumulation [63]. Chitosan’s positive charge promotes
erythrocyte adhesion, fibrinogen absorption, and platelet adhesion and activation.
Chitosan’s hemostatic property is due to its polycationic content and non-specific
plasma membrane binding [73]. Several in-vitro studies have revealed that the main
analgesic effect of chitosan is achieved by lowering the concentration of inflamma-
tory mediators (bradykinin) at the site of the injury. It also absorbs protons released
at the site of inflammation to control pain [50].

3 Some Common Chitosan Derivatives

A. Mono-Carboxymethylated Chitosan (MCC)

MCC is a polyampholyte capable of forming viscous-elastic gels with anionic macro-
molecules at neutral pH or in aqueous environments. MCC appears to be less potent
than the quaternized derivative of chitosan. It improves the permeation and absorp-
tion of low molecular-weight heparin (LMWH; an anionic polysaccharide) across
intestinal epithelial cells. Because they cause cell membrane damage, chitosan deriva-
tives have no effect on the viability of intestinal epithelial cells. Permeation increases
due to an increase in the number of pores formed in the cell membrane, and there is
no need to alter epithelial cell viability [29, 69].

B. N-Succinyl Chitosan

It is made by inserting succinyl groups into the chitosan terminals of glucosamine
units. In a succinyl chitosan molecule,-NH3* and —COO~ form polyionic complexes.
At various pH levels, this derivative is water-soluble [60]. N-succinyl-chitosan
exhibits distinct properties in vivo and in vitro, including low toxicity, biocompati-
bility, and long-term retention in the body. N-succinyl-chitosan is useful as a drug
carrier because it can be conjugated with various drugs to avoid complications during
chemotherapy [29, 32, 33, 51, 65].

C. N-Acetylated Chitosan

N-acetylated chitosan is used as a gene delivery carrier to overcome the gastroin-
testinal tract’s morphological and physiological barriers to target gene expression.
Gene delivery to the intestine via N-acetylated chitosan is more efficient than chitosan
alone. This finding is especially significant in the duodenum, where the LacZ gene
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is most effectively expressed using N-acetylated chitosan. The IL-10 gene is also
successfully transferred to the intestines when mixed with N-acetyl chitosan. As
a result, plasmid DNA can be delivered to the intestines orally using N-acetylated
chitosan as a carrier. As a result, we can create a dietary dose system to deliver a
DNA vaccine for the treatment of gastrointestinal diseases [28, 29].

D. N, N-Di carboxymethyl Chitosan

This derivative is produced by the alkylation of chitosan with monochloroacetic acid
at 90 °C and pH 8-8.5. This water-soluble derivative is a chelating agent that can be
used to treat osteogenesis and other chelating applications [25, 29].

E. Thiolated Chitosan Conjugate

This chitosan derivative was created by covalently attaching isopropyl-S-
acetylthioacetimidate to chitosan. This derivative has in situ gelling properties,
making it a promising novel tool for a variety of drug delivery systems [15, 29].

F. Polyethylene Glycol-Crosslinked N-Methylene Phosphonic Chitosan (NMPC)

By reductive animation, NMPC is modified with polyethylene glycol-aldehyde
(PEG-CHO) of varying molecular weight. The cross-linking of NMPC with PEG-
COH chains increases hygroscopicity and water swelling. This cross-linked NMPC
derivative is suitable as a medical material item due to its film-forming capacity and
swelling properties [15, 29].

G. Graft-Copolymerization of Chitosan

Radical polymerization is used to create this derivative with 4-(6-
methacryloxyhexyloxy)-4’-nitrobiphenyl. Graft-copolymerization is carried out
in a homogeneous environment using Azobisisobutyronitrile (AIBN) as an initiator
and 2% acetic acid as a solvent [13, 13].

H. N-lauryl-Carboxymethyl-Chitosan

The hydrophobic moieties are provided by chitosan with lauryl groups attached to
amino groups, and the hydrophilic moieties are provided by carboxymethyl groups
attached to hydroxy groups (N lauryl-carboxymethyl-chitosan (LCC)). Taxol is found
to solubilize in LCC by forming micelles with particle sizes less than 100 nm. In
vitro hemolysis testing revealed that LCC is less likely to cause membrane damage
than polysorbate 80 as an intravenous surfactant [29, 42].

I. Galactosylated, Chitosan-Graft-Poly (Vinyl Pyrrolidone)

GCPVP (galactosylated chitosan-graft-poly (vinyl pyrrolidone)) has been identified
as a potential hepatocyte-targeting gene carrier. GCPVP alone and GCPVP/DNA
complex have negligible cytotoxicity regardless of GCPVP concentration or charge
ratio, but GCPVP/DNA complex has a slightly cytotoxic effect on HepG2 cells when
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a higher charge ratio and Ca2+ are used. It is established using confocal laser scan-
ning microscopy that the ASGPR of hepatocytes and endocytosis by an interaction
between galactose ligands of GCPVP is the major route of transfection of GCPVP/F
plasmid complexes [29, 48].

J. Chitosan—Glutathione (GSH) Conjugate

This derivative improves the mucoadhesive and permeation properties of chitosan.
The novel thiolated chitosan appears to be a promising multifunctional excipient for
various drug delivery systems due to the strong permeation enhancing effect of the
chitosan—GSH conjugate/GSH system and the improved cohesive and mucoadhesive
properties [29, 44].

4 Methods of Synthesis of Chitosan Nanoparticles

In 1994, Ohya et al., for the first time, described the classification of chitosan NPs
for the systemic administration of a chemotherapeutic drug [49]. Following that, the
chitosan NPs have been extensively explored by the researchers leading to the devel-
opment of different methods for their preparation. Various important preparation
strategies are mentioned in Fig. 2, and their advantages and drawbacks are depicted
in Fig. 3. A brief description of these methods is given below.

4.1 Emulsification and Cross-linking

It is the first method documented in the literature for the preparation of chitosan NPs
in which the amino group of chitosan and the aldehyde group of the crosslinking agent
has been employed. In this method, an emulsion and an oil phase are prepared. The
emulsion consists of an aqueous solution of chitosan while the oil phase comprises
span 80 as a stabilizer, toluene, and glutaraldehyde as a crosslinker [27, 49]. On
intense mixing of these two phases, the droplets are formed after crosslinking which
forms the basis of NPs. The NPs can be separated from the emulsion by centrifuga-
tion, multiple washings, and vacuum drying. This approach is, however, no longer
employed because of the evident toxicity of glutaraldehyde [75].

4.2 Reversed Micelles Method

It is another method based on covalent crosslinking in which the production of
chitosan NPs is assisted by water-in-oil reverse micelle structures (Fig. 4). This
method resolved the inconveniences associated with the conventional methods based
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Fig. 2 Various methods of preparation of chitosan NPs

on glutaraldehyde as a non-harmful solvent and a crosslinker are employed in
this strategy [20, 31]. The aqueous phase consisting of chitosan and glutaralde-
hyde is mixed with the organic phase which comprises an organic solvent and
a lipophilic surfactant. The chitosan NPs are formed via crosslinking within the
chitosan-containing core of the micelle.

4.3 Precipitation-Based Methods

NPs formed by precipitation methods are generally larger than 600-800 nm. Two
precipitation-based methods which have been described in the literature are:
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Fig. 3 Advantages and drawbacks of various preparation methods of chitosan NPs

Fig. 4 Schematic illustration of formation of chitosan NPs via reversed micelles method

e The phase inversion precipitation method: This method is based on the combi-
nation of emulsification and precipitation. In the presence of a stabilizer, an oil-
in-water emulsion is prepared using an organic phase and an aqueous solution of
chitosan. After the application of high-pressure homogenization, the emulsion is
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separated from the methylene chloride by evaporation, causing acetone to diffuse
out of the droplets and NPs to precipitate simultaneously [75].

e The emulsion-droplet coalescence method: In this process, the precipitation of
NPs is induced by the coalescence of two water-in-oil emulsions. The continuous
phase for two emulsions, one with chitosan and another with NaOH, is prepared by
mixing liquid paraffin and sorbitan sesquiloleate. The chitosan-containing emul-
sion is prepared by applying high-speed homogenization. Following the mixing
of two emulsions, NaOH diffuses into the ultrafine droplets which lower the
solubility of chitosan, inducing NP formation and precipitation [24].

4.4 Ionic Gelation

It is one of the most preferred strategies for the preparation of chitosan NPs primarily
because it does not involve the use of toxic crosslinkers or solvents. This method was
first described by Calvo et al. in 1997 [8]. This technique follows the principle of ionic
crosslinking, which occurs when the oppositely charged groups are present. Firstly,
chitosan is added to the aqueous solution of an acid (generally acetic acid) followed by
the addition of an aqueous solution of sodium tripolyphosphate (TPP) under intense
stirring [75]. The diffusion of anionic molecules and the cationic chitosan molecules
takes place leading to crosslinking and ultimately the formation of NPs (Fig. 5).
Although various anionic crosslinkers like glutaraldehyde can be used to synthesize
chitosan NPs, TPP is preferred because of its biocompatibility and biodegradability
[59].

Fig. 5 Schematic illustration of production of chitosan NPs via ionic gelation method
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4.5 Self-assembly

This method is extensively employed for the formation of NPs. It is based on
numerous interactions which take place at the same time. The nature of interactions
can be any of the following [56, 78]:

Electrostatic
Hydrophobic
Hydrogen bonding
Van der Waals forces

The self-assembly approach may either involve complex formation between
chitosan and the natural anionic molecules or the modification of hydrophobicity
of chitosan via grafting. NPs produced by this approach is highly suitable for the
encapsulation of lipophilic and hydrophilic drugs [56].

4.6 Top-Down Approach

In this approach, two steps are involved in the preparation of nanoparticles:

(i) Acid hydrolysis: Acid hydrolysis of chitin is carried out in the presence of a
strong acid like HCI to form chitin nanocrystals.

(i) Deacetylation: This step involves treatment with alkali (NaOH) to form chitosan
NPs, which are basically the chitin NPs with a deacetylation level of more than
60% [74].

The formation of chitin NPs via the top-down method is illustrated in Fig. 6.

Fig. 6 Schematic illustration of formation of chitosan NPs via top-down method
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5 Green Synthesis of Chitosan Nanoparticles

The biological/green methods for the extraction of chitosan are becoming highly
prevalent due to the various drawbacks of chemical extraction techniques such as
[64]:

e Alteration of the physico-chemical properties of chitin
e High cost of purification processes
e Presence of some chemicals in the wastewater effluents

In biological synthesis, enzymes and micro-organisms are employed for the
extraction of chitin and the recovery of chitosan. The various advantages of the
biological extraction of chitin are highlighted in Fig. 7. Khanafari and co-workers
compared the chemical and biological methods of extraction of chitin from shrimp
shells and showed the superiority of the biological method over the chemical one
because the structural integrity of chitin was preserved when it was extracted through
the biological method [35]. In a study, the extraction of chitin from shrimp shells
and fungi was investigated by Teng et al. in which they used a one-pot fermentation
process where the proteins were hydrolyzed into amino acids by fungal proteases
[68]. Younes et al. extensively reviewed the methods of preparation of chitosan from
marine sources and their future outlooks [79].

Spray drying is one of the green preparation routes for the preparation of chitosan
NPs. In this method, chitosan is dissolved in the aqueous acetic acid and the resulting
solution is passed through a nozzle, keeping the temperature range between 120 and
150 °C, leading to the formation of chitosan NPs. Spray drying can also be used to
obtain magnetic chitosan NPs [22].

Supercritical-CO,-assisted solubilization and atomization (SCASA) is a green
method in which only water and CO; are used during the preparation process. This
technique is devoid of any acid or harmful solvents. After about 48 h of the dissolution
of CO, in water, the chitosan solution is fed to a fluidized bed, and NPs are formed
which are collected by a filter placed on the fluidized bed [75]. The publications
associated with the “green synthesis” of chitin/chitosan-based nanomaterials in the
literature are very few. As discussed earlier, chitosan nanoparticles are frequently
prepared by the ionic gelation method in which the ionic crosslinking takes place
between chitosan and TPP. Recently, Gadkari et al. reported the green synthesis of
antimicrobial chitosan NPs, which were prepared by chemical crosslinking between
chitosan and a cinnamaldehyde, an eco-friendly bactericidal agent [18]. Purified
chitin films and nano fibres with high molecular weight were successfully obtained
by Qin et al. by employing eco-friendly ionic liquids [55]. Green synthesis of Ag-Ch
nanocomposites was reported in which chitosan served as a reducing agent as well as
a stabilizing agent, using NaOH as an accelerator. The as-prepared nanocomposite
was shown to have antimicrobial activity against E. coli and S. aureus bacteria [66].
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Fig. 7 Advantages of biological extraction of chitin

6 Modification Strategies of Chitosan

There are different scopes of modifications of chitosan that are depicted in Fig. 8.

6.1 Chitosan Modification to Produce Functional Derivatives

There are various types of chitosan derivatives that are produced by modification and
are presented in Fig. 9.
6.1.1 Quaternized Chitosan Derivatives

According to numerous publications, it is possible to modify the positive (NH3")
charge of chitosan in order to make it soluble over a wide pH range and in a neutral or
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Fig. 8 A schematic diagram depicting a few scopes of modification of chitosan

Fig. 9 A schematic representing various types of modified chitosan for the generation of functional
derivatives
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a little alkaline medium. This is one method for increasing the solubility of chitosan
in water. At pH 6.5, chitosan is positively charged, whereas quaternized chitosan
remains permanently positively charged at pH > 6.5. Under basic conditions, a quat-
ernization reaction occurs between chitosan and alkyl iodide. The most well-known
quaternized chitosan is N,N,N-trimethyl chitosan chloride (TMC), which has been
described for a variety of applications. TMC is produced through two consecutive
reactions. The first involves N-methyl-2-pyrrolidinone (NMP), which is used as a
solvent in alkaline conditions (NaOH) in the presence of methyl iodide and chitosan,
and the second involves the replacement of iodide ions with chloride ions using
anionic exchange resin. By varying the carbon length of alkyl halides, different
types of quaternized chitosan can be easily obtained [7].

6.1.2 N-Acyl Chitosan Derivatives

Chitosan becomes aquaphobic through the N-Acylation process, which involves
implanting various fatty acids. The reaction is an addition of amide to fatty acid
—COOH groups and chitosan -NH, groups. Acyl halide or acid anhydride is the
chemical reagents used in N-Acylation. This acylation is typically carried out in
pyridine/chloroform, pyridine, and methanol/acetic acid/water. Nonetheless, because
the chitosan repeating unit contains two reactive —hydroxyl groups, this reaction
can produce O-alkyl chitosan. Many researchers recommend replacement with trityl
groups, in place of chitosan’s primary —OH groups to avoid O-acylation. Because
of the formation of chitosan chloroacyl, this process improves the N-Acylation step.
N-Acyl chitosan has been produced using a variety of acid anhydrides [7].

6.1.3 Oxy-Chitosan Derivatives

Many researchers have looked into the production of chitouronic acid sodium
(carboxylated chitin or chitosan) which is soluble in water using TEMPO-an organic
catalyst used in the oxidation of —OH functions into -CHO in NaOCI and NaBr
conditions. TEMPO is well-known for its use in regioselectively oxidizing the
primary hydroxyl groups of various polysaccharides [7]. TEMPO is used to make
oxy-chitosan derivatives, specifically 6-oxy-chitosan. Chitouronic sodium salts are
typically made from shrimp or fungal cell chitin that has been pre-treated (chem-
ically or enzymatically). A new class of carboxylated chitosan with high biocom-
patibility on human keratocytes was produced from Trichoderma and Aspergillus
fungal biomass. C6-oxy-chitosan, a novel bioactive derivative, has shown to be effi-
cient against activity Leishmania. Recently, an environmentally friendly process has
been developed for the Cg oxidation of chitosan using a TEMPO system to produce
chitosan soluble in water has been developed [7].
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6.1.4 Chitosan’s Cross-linked Derivatives

The cross-linking of chitosan requires the use of very particular chemical agents
to get the chains linked together, which ultimately results in a 3-D macromolec-
ular network. Chitosan is cross-linked in the presence of —CHO derivates, such as
glyoxal, glutaraldehyde (GTA), or formalin with covalent bonds, to produce chitosan-
based hydrogels. The cross-linking reaction with chitosan involves the formation of
a Schiff base (imine). The most researched cross-linking agent is GTA [7]. It is
cheap, readily available, and synthetic. In the presence of labile hydrogen, the hired
response is a condensation response among the aldehyde group and a primary amine
group from the chitosan chain. However, GTA is toxic, and natural GTA substi-
tutes are being investigated for use in the production of chitosan hydrogel. Figure 3
depicts the chitosan cross-linking reactions. Citric acid was used as a cross-linking
agent in the preparation of chitosan/polyvinyl alcohol (PVA) membranes. This cross-
linking strategy was investigated in order to create biomaterials for hemodialysis
membranes [7]. Cross-linking citric acid and chitosan was expected to incorpo-
rate carboxylate groups (COO) into biomaterials, increasing the bioactive sites on
the chitosan membrane for biomolecule transport (urea, creatinine, etc.). PVA was
used to improve the crosslinked chitosan membrane’s mechanical efficiency and
hydrophobicity. Figure 10 depicts the main cross-linking chitosan strategies.

6.1.5 Chitosan with Low Molecular Weight (LMW) and Chito
Oligosaccharide (COS)

Because of its excessive viscosity, HMW chitosan is difficult to be applied commer-
cially. Because of the production of COS and the low molecular weight of chitosan,
a reduction in its molecular weight is an effective idea for addressing viscosity
issues and improving its biological properties [7]. Oligosaccharides are defined as
oligomers with a degree of polymerization ranging from 2 to 10, but some higher
degrees of polymerization are classified as LMW. COS and LMW chitosan are
primarily produced using enzymatic, chemical, and physical methods. The reduction
of MW via enzymatic, chemical, or physical processes is linked to improved chitosan
water or acetic acid solubility. Depolymerization of chitosan is primarily accom-
plished through chitosanolysis of acid, which is the most used method for producing
COS and LMW chitosan. Using HCI, HNO,, H,0,, and potassium persulfate in
chitosanolysis are examples of chemical processes. Sonication, microwave irradia-
tion, gamma irradiation, or a thermal procedure are examples of physical processes.
Enzymatic processes employ both specific enzymes and nonspecific enzymes like
chitinase, chitosanase and pepsin, cellulase, pronase, lysozyme, papain, hemicellu-
lase, or pectinase, respectively. However, the main issues with enzymatic depolymer-
ization are the costs [7]. High-pressure homogenization (HPH), plasma, and the use of
zeolites as adsorbents to purify acid hydrolysis COS and LMW chitosan have all been
described as new methods for reducing the molecular mass of chitosan. Furthermore,
electrochemical processes for depolymerizing chitosan have been developed.
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Fig. 10 The cross-linking reactions of chitosan

6.2 Enhanced Anti-microbial Performance

6.2.1 Introducing Cationic Compounds

Although the degree of de-acetylation, molecular weight, and content of the NH,
residual group can influence the anti-microbial activity of chitosan derivatives, the
same of chitosan derivatives is primarily dependent on the positively charged NH;
group, which can interfere with and destroy the negative bacterial membrane, bind
bacterial DNA, and block protein synthesis [14]. The higher the positive charge,
the greater the microbial activity. Increasing positive electricity can improve the
antimicrobial activity of chitosan derivatives:

A. NH, Direct Quaternization

Quaternary ammonium salt is the most commonly used anti-microbial group in
chitosan derivatives [1]. NH,’s direct quaternization group was carried out primarily
to improve the anti-microbial activity of the chitosan derivates, which can be tuned by
varying the ratio of the cationic groups present. Following research, it was discov-
ered that the N-trimethyl group was the most important factor in improving the
anti-microbial activity of chitosan derivatives [14]. By varying the trimethylation,
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acetylation, and acylation, the chitosan derivative with the best anti-microbial activity,
better than S. aureus and E. coli, could be obtained.

B. Grafting onto Chitosan

By grafting QAS, and betaine, chitosan derivatives’ antimicrobial activity can be
improved. Combining acetate chitosan and C;,—C;g alkyl aminopropyl betaine
demonstrated a broader anti-microbial spectrum and superior anti-microbial activity
than either compound alone. Despite the fact that glycine betaine contains QAS,
its anti-bacterial mechanism differs from traditional QAS due to chelation between
the NH, group and the trace amount of metal ions (Ca>*, Na*) that are required for
bacteria to maintain their stability and metabolism of the cell, which can destroy
the stability and inhibit the growth of cell membrane [16]. As a result, retaining
the necessary amounts of NH, and OH groups during the chemical modification of
chitosan is required [14].

C. Grafting Polymerization from Chitosan

Through grafting copolymerization of chitosan acrylamide and methacrylamido-
propyl trimethyl ammonium chloride, PQAS can be incorporated into the chitosan
skeleton. The produced chitosan derivatives can destroy the bacteria membrane at
just a concentration of 14 mg/L. Similarly, anti-microbial chitosan-based polymer-
ized nanoparticles with positive surface charges were synthesized by grafting N-
trimethyl aminoethyl methacrylate chloride or methyl methacrylate and N-dimethyl
aminoethyl methacrylate hydrochloride from chitosan [14].

6.2.2 Neutral Anti-microbial Compound Conjugation

A. Polypeptide

Another way of producing chitosan peptide conjugate (CPC) with improved antimi-
crobial activity is to integrate it with an antimicrobial peptide (CGGG(KLAKLAK)?2)
and an enzyme-cleavable peptide (GPLGVRGC). The morphology of CPC can be
enhanced due to the peeling off of the protective PEG layer induced by the pres-
ence of gelatinase from bacteria, resulting in excellent anti-microbial activity with a
minimum inhibitory concentration value of about 7 x 10~% M based on the disruption
of hydrophobic/hydrophilic balance.

B. NO Donor

Chitosan can be used as a loading matrix for NO, an anti-biofilm agent [58] to create
a derivative that can slowly release NO by sparging chitosan derivatives with NO gas
Planktonic cells treated with NO-loaded chitosan show a decrease in colony-forming
units, which could be useful in wound dressing. NO can be loaded on chitosan-
poly(amidoamine) via reaction with its secondary NH, group, yielding chitosan-
poly(amidoamine)/NONOate with a loading amount of 1.7 mol/mg and excellent
antimicrobial and wound healing activity.
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6.2.3 Metal Coordination

By coordinating chitosan with Ag* ions, a construction based on the synergistic
impact of chitosan and Ag* ions was recently done [9], Moldable hydrogel with an
antibacterial action against S. aureus and E. coli. The Ag* ions can be complexed with
chitosan and then photo reduced or electro reduced in situ [77]. The anti-microbial
effect was greatly enhanced by the synergistic effect of chitosan and metal ions, which
stabilized the metal through coordination and by increasing its positive charge, which
further promoted its interaction with negatively charged bacteria. Cu(Il) complexes
formed by chelating O-carboxymethyl chitosan (CMCS) Schiff bases with Cu*
ions have significantly higher antifungal activity against Phytophthora capsici than
the original chitosan [54]. The easy release of copper cations from the complex,
caused by the benzene ring’s space steric hindrance, results in an effective anti-fungal
performance.

6.2.4 Physical Integration

The physical blending of chitosan derivatives with antibiotics is another common
method to increase the anti-microbial activity of chitosan derivatives. Through
the solgel transition process, a polyelectrolyte composite hydrogel based on
chitosan/CMchitosan/AgNPs demonstrates long-term antibacterial efficacy against
S. aureus and P. aeruginosa [77]. Even while direct combination with antibiotics
can enhance chitosan’s anti-microbial performance, slow-release antibiotics may
increase the probability of microorganism resistance, which requires careful consid-
eration in future research. Based on the synergistic impact of CNC rod and poly-
cationic CS, chitosan can be mixed with cellulose nanocrystals (CNCs) to generate
a hydrophobic spray-coating composite with increased antimicrobial action. CNC
can cause bacterial membrane rupture, allowing chitosan derivatives with protonated
NH, groups to enter the cell, resulting in bacterial death [70].

6.3 Improved Water Solubility

For the improvement of solubility in the water of chitosan under a basic and neutral
environment, hydrophilic compounds with reactive groups can be conjugated with
chitosan through amide and hydroxyl groups [14].

6.3.1 Modification of the Amine Group
Hydrophilic compounds with -COOH, —CHO, —OCN, and epoxy easily bind to the

backbone of the chitosan with the aid of coupling reactions with its very reactive
amide group. By grafting Brij-S20-succinic anhydride to chitosan, the solubility
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in the water of chitosan can be enhanced. Brij-S20-succinic anhydride disrupts
the inter/intra molecular bonds, lowering crystallinity and increasing solubility.
Chitosan complex 1-(4-(2-aminoethyl) phenoxy) zinc(II) phthalocyanine (ZnPcN)
[46] on conjugation with acid groups of CMCS, and amide groups of phthalocyanine,
improves solubility in the water because the conjugate’s absorption intensity ratio
is double than that of ZnPcN used alone, and agglomeration in water is reduced.
When the amide group of chitosan reacts with the acid group of gluconic acid, the
generated sugar-carrying chitosan is soluble under various pH settings due to the
hydrophilicity of the gluconyl group and the N-acetyl group [14].

6.3.2 Hydroxyl Group Modification

The OH group of chitosan reacts with halo hydrocarbon or sulfonyl chloride to
produce CMCS, which has better solubility in the water [40]. The solubility in the
water of chitosan can also be improved by the reaction of its hydroxyl group with
N-acetyl ethylenediamine. It is evident that solubility in water of chitosan can be
enhanced by the replacement of the hydrophilic group chemically [14].

6.4 Better Biocompatibility

Biocompatibility is very important, especially in cases where biomaterials have a
direct contact with human organs or tissues [14]. It relates to how specific tissues
react to different elements.

6.4.1 Organic Modification

A. Introduction of Carboxyl Group

By inserting a carboxyl group into the molecular structure of chitosan derivates, the
toxicity of protonated cationic amide or groups in chitosan derivates can be mini-
mized, resulting in CMCS, which is non-toxic, biocompatible, and biodegradable
[14].

B. Introduction of Betaine

Zwitterionic betaine can combine huge amounts of water to form a hydration layer
through hydrogen bonding and electrostatic contact [21, 34, 80]. The water of
hydration between proteins and zwitterionic molecule imposes substantial repul-
sions against nonspecific protein adsorption because it restricts the movement of
water adsorbed at the surface of glycine betaine. With the addition of betaine, the
derivative exhibits effective antimicrobial characteristics, anti-nonspecific protein
adsorption, and anti-platelet adhesiveness [14].
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C. PEGylation

Because of its high hydrophilicity and chain flexibility, PEG has been used to
alter chitosan derivatives to minimize toxicity and nonspecific protein adsorption,
resulting in a volume exclusion effect [14]. Crosslinking chitosan with aldehyde
terminated PEG or grafting activated monomethoxy poly(ethylene glycol) to chlori-
nated N-phthaloyl chitosan can be used to make the PEG-modified chitosan derivative
[43].

D. Introduction of Polycaprolactone

Biocompatible polycaprolactone (PCL) can promote cell proliferation and adhesion
[41], as a result, it can be utilized to improve the rate of healing and the quality
of neonatal tissue. In comparison to PHBHH, or chitosan-g-PCL/PHBHH,, the
chitosan-g-PCL and poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHH,)
hybrid have a rougher surface and smaller grain sizes, which can increase cell
adhesion and proliferation, resulting in higher initial cell survival.

E. Introduction of Gelatin

Mixed —OH groups modified biocompatible boron nitride nanotubes (BNNTs)
with chitosan to form a slow degradative chitosan/BNNT-OH scaffold that showed
improved cellular proliferation and adhesion compared to chitosan, based on the
increased mechanical performance and pore size of biocompatible boron nitride
nanotubes (BNNTSs) [6]. The discontinuousness and hydrophilicity of water-swollen
gelatin nanospheres are responsible for the deposited derivatives with controlled
wettability and surface roughness. The ratio of chitosan and harmless gelatin
nanospheres in the derivative can be changed to alter protein adsorption and cell
adhesion [14].

6.4.2 Inorganic Modification

A. Carbon/Boron Materials

Some inorganic compounds, such as graphene oxide, can improve chitosan biocom-
patibility by enhancing its surface shape, roughness, and pole size, which encourages
cell attachment and proliferation at the surface of chitosan derivatives [14].

Mixed OH groups modified biocompatible boron nitride nanotubes (BNNTs)
with chitosan to form a slow degradative chitosan/BNNT-OH scaffold that showed
improved cellular proliferation and adhesion compared to chitosan, based on the
increased mechanical performance and pore size of biocompatible boron nitride
nanotubes (BNNTSs) [14].

B. Metal Ions

By combining biocompatible Zn>* ions with chitosan, the resulting porous CS>ZnAlg
microspheres can further increase [Zn?*] [52]. When compared with the control
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group, the hemostasis time of the chitosan/Zn** derivative was drastically reduced
(134 5 s) (over 600 s) [14]. Following the termination of bleeding, the chitosan/zinc
derivative shapes dark red aggregates of blood cells, platelets, fibrins, and micro-
spheres near the wound site. Chitosan’s positive charge can reendow its mucoadhesive
activity because it merges with negatively charged red blood cells.

Enhanced Mechanical Property

Chitosan’s mechanical performance can be bettered if it forms a great number of
networks either by physical or by chemical crosslinking [61] or in combination
with metal nanoparticles [39]. The physically crosslinked hydrogel double-network
(PCDHN) of chitosan/Na alginate (SA)/calcium ions (Ca®*) is much better than a
physical single network of hydrogel cross-linked via electrostatic interactions, and 10
times better than chitosan/SA hydrogel. The creation of a double network through
the use of hydrogen bonding can also strengthen chitosan derivatives. Poly(vinyl
alcohol) CS [45] (CPH) DN hydrogel has exceptional tensile strength, elongation
at break, and compressive strength thanks to physical crosslinking. The adsorption
of fracture energy by chitosan’s first physical network results in CPH’s outstanding
excellent mechanical quality, while the second poly vinyl alcohol network maintains
the hydrogel’s shape. Furthermore, the biocompatible chitosan-based hydrogel with
surface mineralization can enhance the differentiation of bone marrow stem cells
[14].

7 Conclusions

Chitosan, one of the most available biopolymers, has been extensively studied and
used in diverse fields due to its biodegradability, biocompatibility, non-toxicity,
antimicrobial, and antifungal properties. However, its broad applications are limited
by its poor solubility and insufficient mechanical strength. To this, chemical modifi-
cation has been demonstrated to be an effective approach. After their first description
over two decades ago, Chitosan NPs have acquired a significant position in various
industries like pharma and agriculture. Various methods for the modification and
preparation of chitosan NPs have been developed. Sometimes, the NP synthesis
requires the use of toxic substances which may adversely affect the environment. To
overcome this issue, green preparation techniques stand out as an alternative. These
methods are eco-friendly as well as cost-effective. Also, these are devoid of toxic
chemicals and high energy, pressure, etc., are not required. Moreover, the synthesis of
chitosan NPs using biological methods (using microorganisms like bacteria, fungi,
and algae) is even more appealing since it is rapid, non-toxic, and environment-
friendly. However, there are scarce reports available on the green synthesis of NPs.
The development of novel and innovative green methods for the synthesis of chitosan
NPs is a domain where more research and developments are expected in the future.
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Chapter 3 )
Characterization Techniques ek
for Chitosan and Its Based

Nanocomposites

Gunjan Purohit and Diwan S. Rawat

Abstract Chitosan nanocomposites/nanoparticles (NPs) are biobased polymeric
materials that have gained booming intent due to their versatile physicochemical
characteristics and properties. The processed chitosan, i.e., chitosan nanoparticles in
comparison to bulk counterparts possesses versatile biological/biodegradable appli-
cations because of their smaller sizes, higher surface area, and cationic nature.
Various morphologies of chitosan are reported in the literature, viz., nano vehi-
cles, nanoparticles, nanocomposites, fibers, meshes, nanocapsules, and so on for a
variety of applications. The underlying chapter critically reviews the series of char-
acterization techniques that determine chitosan nanocomposites’ morphological and
physicochemical characteristics such as surface properties, charges, particle size,
particle appearance, elemental composition, and surface interactions. The current
chapter is aimed to discuss the popular techniques, namely, transmission electron
microscopy (TEM), scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), inductively coupled plasma mass spectroscopy (ICP-MS), fourier-transform
infrared spectroscopy (FT-IR), atomic emission spectroscopy (AES), dynamic light
scattering (DLS), atomic force microscopy (AFM), nuclear magnetic resonance
(NMR), etc., which helps in determining and developing a consistent, precise, and
reliable characterization of chitosan nanocomposites.

Keywords Chitosan nanoparticles - Morphological - Properties - Solid-state
properties + Interaction analysis * Surface charge
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CHI Chitosan (CHI)

DLS Dynamic light scattering

DMC/TPP  N,N-Dimethyl chitosan/tripolyphosphate
EDX Energy-dispersive X-ray spectroscopy
ESCA Electron spectroscopy for chemical analysis
ETAs Electrothermal atomizers

FESEM Field emitter scanning electron microscopy
FT-IR Fourier-transform infrared spectroscopy
HCL Hollow cathode lamp

ICDD International Centre for Diffraction Data
ICP-MS Inductively coupled plasma mass spectroscopy
JCPDS Joint Committee on Powder Diffraction Standards
MW Molecular weight

NMR Nuclear magnetic resonance

NPs Nanoparticles

PCS Photon correlation spectroscopy

PLA/CS Poly(lactic acid)/chitosan

QELS Quasi-elastic light scattering

SEM Scanning electron microscopy

TEM Transmission electron microscopy
TMC/TPP  N,N,N-Trimethyl chitosan/tripolyphosphate
XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

1 Introduction

Chitosan (CHI), i.e., “cationic (1-4)-2-amino-2-deoxy-B-d-glucan” is a linear
semicrystalline naturally occurring biopolymer/polysaccharide that is produced by
deacetylation of homopolysaccharide “chitin” [1]. The primary source of chitosan
is marine organisms, fungi-cell walls, and insects-exoskeletons which have major
components containing glucosamine and N-acetyl glucosamine associated via p-
(1-4) linkages. During the chitin-deacetylation process, a segment of the N-acetyl
groups is lost in an alkaline medium, and this polysaccharide is named chitosan (CHI)
possessing D-glucosamine-derived chitin units. The process of chitin-deacetylation
can be performed either by using enzymatic hydrolysis (chitin deacetylase) or under
alkaline conditions using a blend of anhydrous hydrazine-hydrazine sulfate or potas-
sium/sodium hydroxide solutions. Only in an acidic medium, this CHI is soluble and
positively charged. When the pH of CHI crosses its pKa value (%6.5), the polymeric
chitosan dissipates its positive charge and precipitates, making it a pH-responsive
material [2]. The presence of abundant amino and highly reactive hydroxyl function-
alization on the chitosan backbone enhances its chelating ability and polyelectrolytic
nature. Such elusive properties of chitosan make it soluble only in a dilute acidic
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solution and insoluble in water or any other organic solvents. Chitosan also exhibits
antifungal, antimicrobial, analgesic, hemostatic, and mucoadhesive properties. The
origin of the chitin source and deacetylation method alters the structural properties
of chitosan, viz., molecular weight (MW), and the degree of deacetylation. The low
toxicity, biocompatibility, and biodegradability of chitosan and its derived nanopar-
ticles have attracted the attention of academicians/researchers due to its potential
applicability in the renowned areas, viz., agriculture, engineering, biotechnology,
pharmaceuticals, etc. Chitosan nanomaterials in comparison to bulk counterparts
exhibit an array of applications due to their high surface-to-volume ratio, smaller
size, cationic nature, etc. The processed metal encapsulated, or naked chitosan nano-
materials could be of various shapes and sizes such as nano vehicles, nanoparti-
cles (NPs), nanofibers/meshes, 3D scaffolds, nanocapsules, etc. [3]. These altered
chitosan-based nanoparticles (NPs) have been studied for disease control and growth-
promoting agents in numerous plant species, thereby displaying superior biolog-
ical activity compared to their bulk/micron-sized chitosan counterparts/substrates.
The multi functionalities of chitosan biopolymers make them special as for other
biopolymers such vast applicability has not yet been reported in the literature. There
are several synthetic strategies are reported in the literature using which chitosan
nanoparticles or nanocomposites can be achieved such as solvent casting, ionic gela-
tion method (cross-linking reaction), electrospinning, layer-by-layer (LbL) deposi-
tions, freeze-drying, etc. Before making use of synthesized chitosan NPs for various
applications it is required to characterize the material fully. The topological proper-
ties, surface/particle appearance, charges, particle size, elemental composition, inter-
actions among each other, etc., can be determined by making use of physicochem-
ical and morphological characterization techniques [1-3]. This chapter broadly and
exclusively discusses a series of techniques, viz., transmission electron microscopy
(TEM), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX), dynamic light scattering (DLS), X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), atomic absorption spectroscopy (AAS), inductively
coupled plasma mass spectroscopy (ICP), fourier-transform infrared spectroscopy
(FTIR), atomic force microscopy (AFM), nuclear magnetic resonance (NMR), etc.,
used for precise characterization of chitosan-based nanomaterials/nanoparticles.

2 Nanomaterial Properties

2.1 Morphological and Topological Properties of Chitosan
Nanomaterials

The morphological, internal arrangement/architecture, surface topography, degree
of aggregation, chemical identification, and particle size of chitosan NPs can be
evaluated by making use of transmission electron microscopy (TEM), or cryo-TEM
or scanning electron microscopy (SEM).



82 G. Purohit and D. S. Rawat
2.1.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a valuable tool that determines the
surface visualizations, in-depth study of functionalized/agglomerated chitosan (CHI)
nanoparticles (NPs), and estimates the sample composition via energy-dispersive X-
ray spectroscopy EDX. SEM uses an energized electron beam (typically 1-30 eV)
which scans the surface of the sample in araster pattern wherein the secondary emitted
electrons or backscattered electrons are detected, thereby achieving resolutions in
the nanometre range.

Depending on the nature of the sample (chitosan nanomaterials), the electronic
interaction with the sample varies, resulting in various types of emitted electrons at or
on the sample surface. The detected electrons of different energies are processed and
displayed as a pixel in the monitor, thereby visualizing 3D images or composition of
nanomaterials (refer to Fig. 1). When these electrons are beamed under a high electric
field, it is then popularly known as field emitter scanning electron microscopy (FE-
SEM) [4-6]. Conventionally, to improve the electrical conductivity and contrast of
nanomaterials, ultrathin coating with noble metals, viz, gold (Au), silver (Ag), and
platinum (Pt) are used under high vacuum surroundings [7].

The application of SEM analysis for having a pictorial visualization is extensively
used in literature for CHI-based nanomaterials/NPs [7]. In 2010, Dev et al. reported
the synthesis of poly (lactic acid)/chitosan “PLA/CS” NPs using emulsion and solvent
evaporation techniques [8]. Figure 2a shows the SEM images of PLA/CS NPs at
different magnifications, wherein these particles’ surface morphology is spherical
[8]. Hosseini et. al 2013 prepared the essential oil encapsulated chitosan NPs using
a two-step process of oil-in-water emulsion preceded by ionic gelation [9]. The
morphology of prepared chitosan NPs found to be spherical in nature which is nicely
intact and had a clear distribution among themselves as evident from Fig. 2b [9].

Fig. 1 Flowchart representing an overview of the SEM analysis process [4—6]
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Fig. 2 SEM images of a poly-lactic acid/chitosan “PLA/CS NPs” [8] Reproduced from Dev et al.
with permission from Elsevier b chitosan NPs [9] Reproduced from Hosseini et al. with permission
from Elsevier

2.1.2 Transmission Electron Microscopy (TEM)

The higher spatial resolution, i.e., equivalence with the atomic dimensions makes
transmission electron microscopy “TEM” quite a popular technique to characterize
chitosan-based nanomaterials, which provides chemical information and internal
structural arrangements in an image form. In TEM, a highly energized beam of elec-
trons passes via a thin foil wherein the electrons are transformed into elastic/inelastic
electrons which then interact with the specimen containing a sample of chitosan nano-
material. The interactions of those inelastic/elastic electrons with the specimen gave
rise to the emission of reflected/transmitted particles. The difference in energies is
then detected and used to generate the higher resolution magnified images captured
by the camera followed by visualization in a monitor. It is noteworthy to mention
that ratio between the specimen, image plane, and the objective lens is taken into
account which has to be magnified by the lens (Fig. 3a) [10, 11].

Although both SEM and TEM depicts the visualization of nanomaterial, i.e., how
it looks, how the atoms are arranged, the extent of aggregation, and information on
particle size/dimension but when compared to each other TEM is advantageous in
proving higher resolution (as low as 0.2 nm) with good quality analytical measure-
ments. TEM provides detailed information as it utilizes the energetic electrons which
can be used to infer the composition, morphological, imaging, and crystallographic
analysis. Therefore, TEM used three main techniques, i.e., electron microscopy,
imaging, and diffraction pattern (Fig. 3b). Sample preparation in the case of TEM aial-
ysis is quite simple, wherein before analysis a drop or two of suspension of chitosan-
based nanomaterials (after sonication) is placed into a carbon-coated copper grid
followed by drying or sometimes IR irradiation. TEM also distinguishes between the
monocrystalline, polycrystalline, and amorphous chitosan-based nanomaterials/NPs
[10]. It is noteworthy to mention that the size distribution or size estimation using
TEM of nanomaterials is precise, not accurate as the chances of aggregation can
occur during the evaporation of the sample preparation process. Cryo-TEM is supe-
rior to usual TEM analysis as in the former case, by using cryogenic temperature
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Fig. 3 a Flow chart representing steps involved in working principle of TEM analysis [10, 11]; b
Three main techniques of TEM [11]

(—100 to —175 °C) a suspension of nanomaterial is solidified, and the visualiza-
tion is done when the specimen is in the frozen state. The aforementioned method
bypassed the problem of nanoparticle aggregation, usage of heavy-metal contrasting
agents, and solvation thus giving not only precise but also predicting an accurate size
estimation [11]. Cryo-TEM is particularly useful when one must distinguish whether
the chitosan-based nanomaterials have the natural tendency of self-assembly or if
it only occurs during sample preparation wherein solvation/evaporation procedures
came into the picture [11-13]. In the literature, numerous reports have mentioned
the use of TEM analysis for chitosan-based nanomaterials/NPs. Facchi et al., (2016)
successfully reported the synthesis of N-modified chitosan NPs for curcumin delivery
using a benzyl alcohol/water emulsion system (Fig. 4) [14]. Figure 4a—d shows the
TEM analysis of N,N,N-Trimethyl chitosan/tripolyphosphate (TMC/TPP) and N,N-
dimethy] chitosan/tripolyphosphate (DMC/TPP) NPs which have irregular spherical
geometries attributed to vigorous stirring while using the benzyl alcohol/water emul-
sion system [14]. TEM analysis also tells that the average particle size for DMC/TPP
NPs is up to 317 nm, while for TMC/TPP NPs it is ~99 nm [14].

In the year 2002, Banerjee et al. reported the synthesis of ultrafine chitosan
nanoparticles wherein, the amine groups are cross-linked (10% or 100%) using a
reverse micellar system containing surfactant, i.e., sodium bis(ethylhexyl) sulfosuc-
cinate (AOT) and n-hexane [15]. The TEM analysis depicts the particles are shaped
spherically and are aggregated with the dimensions of 30 nm when 10% amine func-
tionalization (for chitosan NPs) is cross-linked whereas with 100% cross-linking
the particle size shoots up to 110 nm (Fig. 4e, f [15]. Numerous other reports too
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Fig. 4 TEM images of a, b DMC/TPP [14] Reproduced from Facchi et al. with permission from
Elsevier; ¢, d TMC/TPP chitosan nanoparticles [14] Reproduced from Facchi et al. with permission
from Elsevier; e 10% [15] and £ 100% cross-linked chitosan nanoparticles [15] Reproduced from
Banerjee et al. with permission from Elsevier

showed spherical kind morphologies of chitosan-based NPs [16—18] and also with
metal encapsulation such as Cu with chitosan [19, 20].

2.2 Solid-State Properties of Chitosan-Based
Nanomaterials/NPs

Like every other nanoparticle system, chitosan-based nanomaterials/NPs are not
elementary molecules rather they are configured as three main layers. The first and
foremost is the surface layer wherein a suitable functionalization can be done, encap-
sulating metal ions within, coating with surfactants, etc. The second layer, i.e., the
middle layer/shell layer is chemically distinct followed by the third layer which is
essentially the core and is the central/innermost segment of chitosan-based NPs. To
identify the crystallinity, composition, defect structure, grain size, etc., all are solid-
state properties that can be effectively useful to elucidate the molecular dynamics of
chitosan-based nanomaterials/NPs. X-ray diffraction (XRD) is a powerful tool that
can be used to study the solid-state properties of chitosan-based nanomaterials/NPs
[1, 21, 22].

2.2.1 X-ray Diffraction (XRD)

In material science, it is an extremely important aspect to determine the crystallo-
graphic structure of nanomaterials. In the year of 1912, Max Von Laue made an
important discovery that the two-dimensional diffraction gratings of a substance
(nanomaterial/NPs) in presence of X-ray wavelength act in a similar fashion to that
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of plane spacing in a crystal lattice. XRD is a non-destructive analytical technique
that solves the purpose of surface/phase identification of chitosan-based nanomate-
rials, thereby giving information on cell dimensions and atomic spacings as well. In
XRD (Please refer to Fig. 5), the incident X-rays (generated by cathode ray “Cu X-
ray tube” with 1.5418 A) are filtered to produce monochromatic radiation which was
then collimated to concentrate and are used to irradiate the sample (chitosan-based
nanomaterial) [23-25].

Upon satisfying Bragg’s law (nA = 2d siné), the interaction between the inci-
dent rays and chitosan-based nanomaterial produces a constructive interference
followed by a diffracted ray. Bragg’s law correlates the wavelength of an incident
ray “A” proportional to that of diffraction angle “0” and lattice spacing “d”, thereby
measuring the respective intensities and scattering angle that is diffracted from the
sample [23, 24]. The sample material which is chitosan-based nanomaterial must be
homogenized be it in a film form or finely grounded powdered form. By changing the
26 (2 theta) angles to all plausible ranges, a finite diffraction direction of the lattice
can be attained. Each material has a specific unique set of d-spacings whose corre-
sponding positions/intensities are available from International Centre for Diffraction
Data (ICDD) or in earlier times known as Joint Committee on Powder Diffraction
Standards JCPDS data as a reference pattern/database [23]. Thus, by converting
diffraction peaks to d-spacings one can easily identify the grain size, composition,
shape of a unit cell, crystalline nature, etc., of chitosan-based nanomaterials/NPs [24—
27]. It is noteworthy to mention that the diffraction angle direction depends on the
nature, shape, and size of a unit cell of chitosan-based nanomaterials/NPs, whereas
the intensities of diffraction patterns depend on the structural internal arrangements
of the atoms.

Rhim et al. (2006) successfully reported the XRD spectra of chitosan powder
wherein, a characteristics peaks corresponding to 26 values of 10.9° and 19.8° which
corresponds to the amorphous structure of chitosan (Fig. 6d, black graph) [28].

Fig. 5 Working principle of X-ray spectroscopy [23-25]
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Whereas, after chemical processes, the as-synthesized chitosan nanofilm showed a
characteristic peak of 20 values of 8°, 11° corresponds to the hydrated crystalline
structure of chitosan nanofilm and 18° to amorphous characteristics (Fig. 6d, blue
graph) [28] It is well known in the literature that the structural modifications of
chitosan alter its internal lattice structure arrangements. Factors such as the dissolu-
tion process, drying, precipitation, processing chemical treatment, molecular weight,
degree of deacetylation, etc., cause the changes in chitosan structural arrangements
[28]. Furthermore, Hosseini in 2013, recorded the XRD patterns of OEO-loaded
chitosan nanoparticles over a 20 range of 5-50°, and it showed the characteristic
peak corresponding to 26 of 25° indicating a high degree of crystallinity (Fig. 6a—
¢) [29]. As shown in Fig. 6a—c, the broad peak in the XRD spectrum indicated
the cross-linking reactions between chitosan and TPP. This proves that the chitosan
NPs are having a densely packed network structure corresponding to the interpene-
trating polymeric chain of chitosan with TPP counterparts [29]. XRD diffractograms
of chitosan-based nanomaterials are reported in literature many times [30-33] For
example, metal encapsulated on chitosan, i.e., Cu-chitosan NPs shows a character-
istic 260 range between 19.5 and 21.0 which corresponds to the crystalline nature of
Cu-chitosan NPs system [34].

Fig. 6 XRD spectra of a chitosan powder [29] Reproduced from Hosseini et al. with permission
from Elsevier b chitosan nanoparticles [29] Reproduced from Hosseini et al. with permission from
Elsevier ¢ OEO-loaded chitosan NPs [29] Reproduced from Hosseini et al. with permission from
Elsevier d comparison between chitosan powder (black graph) and chitosan film (blue graph) [28]
Reproduced from Rhim et al. with permission from Elsevier
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2.3 Elemental Analysis/Properties of Chitosan-Based
Nanomaterials/NPs

2.3.1 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy “XPS” is one of the prominent surface science
techniques with which one can infer/analyze the chemical state, electronic states,
and elemental composition/empirical formula of nanomaterials. In the year 1887 Hz,
discovered the photoelectric effect which is the basis of the XPS working principle.
Later in the 1960s, Siegbahn and his research group at Uppsala University, Sweden
extended this work to surface analysis and coined the term XPS or ESCA (electron
spectroscopy for chemical analysis) for which Siegbahn won a noble prize in physics
in 1981 [35, 39, 43].

As shown in Fig. 7a, XPS, a qualitative analysis involves the bombardment of
the sample with single energy or monochromatic or monoenergetic X-ray photons
Mg Ko 1253.6 eV or Al Ka 1486.6 eV, line width ~0.7-0.85 eV), followed by
computing the kinetic energy of emitted electrons from the topmost layer of the
sample (1-10 nm) [35]. The electrons which are emitted from outermost/surface
atoms have characteristic peaks in the XPS spectrum, thereby enabling one to iden-
tify and quantify the surface elements present (except hydrogen and helium). The
chemical states of elements present within can be identified and quantified simply
by measuring/investigating the minute variations occurring in binding energies of
emitted photoelectrons, auger electrons, multiple splitting, satellite peaks, etc. (Please
refer to Fig. 7b). It is important to mention that an XPS spectrum is plotted as the
relative number of electrons against their respective binding energies (eV). XPS is an
ultra-high vacuum and sensitive technique that changes in the electronic configuration
of the atoms or chemical bonds can be easily detected thereby the existence of certain
elements or species can be identified. In the case of chitosan-based nanomaterials,
the determination of elements such as C, N, O and P can be easily identified as these
elements constitute the majority and have characteristic peaks corresponding to their
respective binding energies [36]. Boufi et al. in 2013 reported the XPS for the mild-
wet synthesized gold/silver NPs in an aqueous chitosan solution [35]. Figure 8a-b
shows the survey XPS spectra and N 1a XPS region of chitosan nanoparticles (blue
spectrum) which clearly indicates the presence of N 1s whose peak corresponds to
the binding energy of 399.4 £ 0.2 eV. The binding energy value of 399.4 is character-
istic of nitrogen in NH, groups or NH-CO groups indicating a mixed chitosan-chitin
structure [35].

Trapani et al. (2011) demonstrated the XPS spectra of chitosan nanoparticles
[36]. Figure 9a—b shows the high-resolution C1s XPS spectra wherein the typically
observed ratio of 3.8 of binding energies values of 286.5 and 288.0 eV corresponds
to CS (chitosan bulk, Fig. 9a) and CSNPs (chitosan nanoparticles, Fig. 9b) [36].
Moreover, Fig. 9f—g shows the curve fitted N 1s high-resolution regions of XPS
spectra for chitosan and chitosan NPs wherein the lower binding energy value of
399.6 eV, 401.1 and 402.0 eV corresponds to the aminic group, amide group, and



3 Characterization Techniques for Chitosan and Its Based ... 89

Fig. 7 Schematic representation of a XPS process and b basic working principle of XPS involving
auger process and photoemission [35, 36]

Fig. 8 a XPS survey spectra of chitosan NPs (blue graph, —-CHI); b XPS N1s regions of CHI NPs
(blue graph) [35] Reproduced from Boufi et al. with permission from Elsevier

protonated quaternary nitrogen, respectively [36]. Many other prominent research
groups reported the XPS data for chitosan and chitosan-based nanoparticles which
are modified by encapsulating such as copper or chitosan aerogels [37-43].

2.3.2 Atomic Absorption Spectroscopy (AAS)

To determine the metal concentration at the pictogram level in a variety of samples,
atomic absorption spectroscopy “AAS” is used which is an extremely sensitive tech-
nique for elemental analysis [44]. In AAS, the reduction in the intensity of optical
radiation of cell containing gaseous atoms of samples are measured. Typically, in
AAS, an analyte absorbs specific wavelengths emitted by a hollow cathode lamp
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Fig. 9 XPS of a Cls regions of pure CS; b Cls regions of CSNPs; f N1s regions of pure CS; g
N1s regions of CSNPs [36] Reproduced from Trapani et al. with permission from Elsevier

“HCL” which is used as a light source as shown in Fig. 10 [45, 46]. In AAS, either
the flames or graphitic-furnaces/electrothermal atomizers “ETAs” are commonly
used atom-cells. The sensitivity of flames is relatively less than that of ETAs as in
the case of ETAs the temperature can be supervised by a power supply, whereas
flames consist of a meticulously controlled combustion environment. To prevent the
process of combustion at elevated temperatures the use of inert gas such as argon is
employed. On absorbing the particle wavelength, the sample/analyte in an “atom-
cell” turns into a gaseous state which then travels to a detector whose job is to
quantify and isolate the wavelengths of interest followed by processing the data in a
computer/control instrumentation operation. To provide optimal accuracy, precision,
and minimal interferences, the analyte or samples are made by digestion procedures
and are usually of specific concentration in an aqueous phase [46].

It is important to mention that every single element absorbs wavelengths of elec-
tromagnetic radiation for HCL source differently. In other words, the absorbance of
elements is extremely specific and particular for the absorbing wavelength of interest
and is measured against the standards. When the standards are measured, it implies
that the instrument is calibrated for particular elements of interest, and hence the
unknown sample can be processed, and the concentration can be obtained from the
digital output display unit. The basic phenomenon involved in AAS is the concept
of ionization energy which is basically the energy required to excite an electron
and is particular for each element. In the case of chitosan-based nanomaterials/NPs,
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Fig. 10 Schematic representation of atomic absorption spectroscopy (AAS) [45, 46]

every atom has its own distinctive fingerprint regions, enabling the qualitative AAS
analysis of the material [47-49].

Chitosan-based nanomaterials have been widely used to encapsulate the metal
ions and hence the AAS analysis can be done against different reaction parameters
too such as agitation time, rate of reaction, pH, etc. [19, 50, 51]. In general, the
Concentration of encapsulated metals (%) can be calculated by taking the ratio of the
amount of released metal ions to the total amount of metals present in a nanomaterial
followed by multiplying it by 100. Liu et al. in 2002, demonstrated the use of chitosan-
based nanomaterials for the metal encapsulation, and the amount of metal ions was
then evaluated by making use of AAS technique [52]. Figure 11 shows the relative
percentage of absorbance of metal ions such as Ca®*, Zn?*, Ag*, Cr**, and Mg?*, on
the chitosan-modified glass beads using the AAS spectroscopy [54].

2.3.3 Inductively Coupled Plasma Mass Spectroscopy (ICP)

In inductively coupled plasma mass spectroscopy “ICP-MS” an inductively coupled
plasma is used to atomize the sample. Upon atomization, it creates atomic and small-
polyatomic ions which were then detected. Figure 12 shows a schematic representa-
tion of a single quadrupole of IC-MS which has six major slots/compartments [53]. It
starts with a sample solution in an introduction system which is then processed into a
nebulizer followed by an inductively coupled plasma in the presence of inert gas for
say Argon. The highly ionizable plasma then atomizes the sample thereby generating
the polyatomic ions (fine aerosol form) which then using ion optics were extracted
to an interface region. The electrostatic lens of ion optic focuses the polyatomic ions
into a quadrupole mass analyzer.

In accordance with the mass by charge ratio “m/z ratio” the detection and separa-
tion of ions take place. For instance in ICP-MS, the samples which are to be analyzed
are digested in a similar fashion in an aqueous phase as it is done in the case of AAS
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Fig. 11 The metal ion adsorption rate of the chitosan-modified glass beads using AAS [54]

Reproduced from Liu et al. with permission from Elsevier
ﬁ
..I.
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Fig. 12 Schematic representation demonstrating steps involved in ICP analysis [53]

sample preparation case too. The sample preparation includes the use of hydrochloric
or nitric acid or in some cases alkaline solutions too and diluent is deionized water
[53]

There are not many reports in the literature that explain the use of ICP-MS
on chitosan-based nanoparticles. Although, ICP-MS proves to be an effective and
supportive technique for the estimation of metal ions bound or formed using
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Fig. 13 a, b The fractograms showing the fractionation of Se NPs prepared in chitosan and Triton
X-100 ¢ TEM size estimation of SE NPs and AF*-DAD-ICP-MS d Operating conditions for AF*-
DAD-ICP-MS [58] Reproduced from Palomo-Siguero et al. with permission from Elsevier

chitosan-based nanomaterials [54—57]. Palomo-Siguero et al. in 2017 synthesized
the Selenium NPs using a solution-phase strategy in presence of stabilizers such as
chitosan(polysaccharides) or non-ionic surfactant (Triton X-100) [58]. Figure 13a—d
shows the ICP-MS fractograms of fractionization of Se NPs synthesized by using
chitosan and Triton X-100 stabilizers [58]. The selenium peaks were identified by
using ICP-MS whose operating conditions for running ICP-MS are shown in Fig. 13d
[58].

2.4 Interaction Analysis/Properties of Chitosan-Based
Nanomaterials/NPs

The type of bonds present within the chitosan-based nanoparticles and their interac-
tion/functional group analysis is an important aspect that tells the kinds of specific
bonds present within the system. To measure such properties that include the
guided alterations and modifications, fourier-transform infrared spectroscopy is an
indispensable tool to study the same.
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24.1 Fourier-Transform Infrared Spectroscopy (FT-IR)

Fourier-transform infrared spectroscopy “FTIR” is a chemical identification tech-
nique that gives insightful information on the interaction of bonds with their
corresponding functionalities.

The underlying principle of the FTIR technique is based on the absorption of
electromagnetic radiation of the infrared region (4000-400 cm~!) by a molecule
(inorganic/organic). For a molecule to be IR active, the dipole moment should change
on absorbing IR radiation, and it becomes IR active. Figure 14 shows the schematic
representation demonstrating steps involved in FT-IR analysis wherein the frequency
is measured in terms of wavenumbers, and the data is recorded in the form of an inter-
ference pattern which is then converted into a spectrum (transmittance/absorbance
form) [59]. The spectrum is usually in the form of distinct lines that could be narrow
or broad and corresponds to a specific frequency thereby helping in identifying
the nature of bonds, functionalities pertaining to molecular structures, and inter-
actions [59]. The samples could be of any type (liquid, solid, or gaseous), but in
general solid or liquid samples are prepared using KBr (100: 1), and the pellet is
made by using a hydraulic press machine. Initially, at room temperature, the instru-
ment is calibrated by recording a blank KBr background followed by a KBr pellet
containing the samples of our interest let’s say chitosan nanomaterial/NPs in an
absorbance/transmittance mode. It is worth mentioning that the FTIR technique is
quite an impressive analytical tool that helped in understanding the functionalities
of chitosan-based nanomaterials/NPs [8, 60-65].

Banerjee et al. in 2002 characterized the chitosan NPs using FTIR analysis.
The chitosan NPs were synthesized by cross-linking reaction between the chitosan
polymer and glutaraldehyde using the reverse micellar technique [66]. Figure 15a-b
shows the FTIR spectra for chitosan and chitosan NPs. It may be noted that in Fig. 5b,

Fig. 14 Schematic
representation demonstrating
steps involved in FT-IR
analysis [59]
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Fig. 15 FTIR spectra of a
chitosan polymer and b
cross-linked chitosan
nanoparticles [66]
Reproduced from Banerjee
et al. with permission from
Elsevier

an additional peak at 1634 cm™!

C = N, elucidating cross-linked chitosan NPs [66]. Moreover, a peak at 1650 cm™
corresponds to the scissoring vibrations of NH; of primary amines in chitosan chains.
The peaks around 1020-1075 cm~! imply the symmetric stretch of C—O—-C bonds
and 2926 cm~! manifested the string polymeric backbone C—H vibrations [66].

is in agreement with the stretching vibrations of
1

2.5 Determination of Chitosan-Based Nanomaterials/NPs

For chitosan nanoparticles determining topological properties such as surface charge,
particle size distribution, as well as particle size, can be evaluated by the dynamic
light scattering “DLS” technique.

2.5.1 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) or photon correlation spectroscopy (PCS) or quasi-
elastic light scattering (QELS) is a versatile and powerful tool to examine the
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Fig. 16 Schematic
representation of dynamic
light scattering [67]

diffusion behavior of molecules in the solution phase. The hydrodynamic radii or
diffusion coefficient is calculated in the DLS or PCS technique, which defers the
size distribution, particle size, surface charge, and shapes of particles (nanoparti-
cles/macromolecules) [67]. Typically, in DLS, the sample to be analyzed has to be in
a solution phase, and hence the size is estimated by studying the Brownian motion
of suspended particles having different scattered angles ‘0’ (Refer Fig. 16) [67].
The random motion of suspended particles/molecules is because of the continuous
bombardment by the solvent molecules around them. Using the DLS technique, one
can measure the particles in the submicron region and of the dimension of <1 nm.
In DLS, the size of the NPs was calculated using Stoke-Einstein equation. The size
of chitosan NPs/nanomaterials which is hydrodynamic radii “d}” can be determined
from the diffusion of particles “D”, i.e., dy, = kT/37nD wherein k is Boltzmann
constant, 7 is the viscosity of the medium, and 7 is the absolute temperature [67].

Much scientific work is already reported in the literature where the DLS technique
proves to be an important aspect to determine the size distribution as well as surface
charge properties [14, 68, 69]. To get reliable data, it is important to combine the
more sophisticated techniques such as microscopy with the DLS technique. For fully
dispersed chitosan nanoparticles/nanomaterials reliable as well as reproducible data
can be obtained wherein the concept of aggregation can be eliminated. Banerjee et al.
in 2002 reported the DLS data of chitosan nanoparticles as shown in Fig. 17a [66].
Since the underlying principle of the DLS technique is based on the Brownian motion
of particles and chitosan is polymeric in nature hence the actual size is always lesser
than the observed average particle size. Li et al. in 2008 estimated the average particle
size distribution of ferrite-coated chitosan NPs using the DLS technique wherein the
size varies from 10 to 100 nm as shown in Fig. 17b [70].
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Fig. 17 aSize distribution of chitosan nanoparticles by QELS [66] Reproduced from Banerjee et al.
with permission from Elsevier b Particle size distribution of the Fe3O4—chitosan nanoparticles [70]
Reproduced from Li et al. with permission from Elsevier

3 Conclusion

Chitosan-based nanomaterials/NPs have gained attention in recent times and have
shown exponential growth specifically in the area of medical sciences and agriculture.
Characterizing the chitosan-based nanomaterials/NPs provides reliability, accuracy,
and consistent results especially to understand the nanomaterials and their sustain-
ability. The important characterizing tools such as SEM, TEM, Cryo-TEM, XRD,
XPS, AAS, ICP, FTIR, and DLS help in understanding the chemical and physical
properties of chitosan-based nanomaterials/NPs. Therefore, representing the role of
each technique in a conclusive manner will help the scientific community to under-
stand the properties of chitosan-based nanomaterials/NPs. In this way, it will be
beneficial for researchers, academicians as well as students to select and understand
the most suitable technique of their choice to assess their uses in a precise manner.
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Chapter 4 M)
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Nanocomposites for Drug Delivery

System

Gyanendra Kumar, Mohd Ehtesham, and Dhanraj T. Masram

Abstract Chitosan (CS) is a biopolymer with many unique characteristic’s prop-
erties including physicochemical, biological/pharmacological, biodegradability,
nontoxicity, and biocompatibility. Among its many biomedical applications, chitosan
has led to the inhibition of several lethal diseases. However, chitosan is produced from
chitin via hydrolytic deacetylation. After the addition of carbon-based nanocom-
posite, the physical and mechanical properties of chitosan have been greatly
enhanced. Composites of chitosan with additional noble metals, carbon-based
nanocomposites comparable to carbon nanotubes (CNTSs), graphene or graphene
oxide, and many other moieties were found to have higher the activity or drug
encapsulation ability of chitosan. In recent years, numerous carbon-based nanocom-
posite materials, also including multi-walled carbon nanotubes (MWCNT) as well
as graphene oxide (GO), were employed to enhance the drug carrier capabilities of
chitosan. Graphene oxide is combined by chemical interactions with the biocom-
patible polymer chitosan to form a carbon-based nanocomposite of biopolymer,
which are improved the drug loading capacity. This chapter examines the appli-
cations of chitosan as well as chitosan-based bio nanocomposites for the delivery of
drugs. The continuous and prolonged pharmacological administration facilitated by
chitosan-based nanocomposites enables the successful treatment of infections and
illnesses.
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Abbreviations

5-FU 5-Fluorouracil

CNTs Carbon nanotubes

CS Chitosan

CTMS Chloro trimethyl silane
CU Curcumin

DD Drug delivery

GO Graphene Oxide

MOF-5 Metal organic framework
MWCNTs Multiwalled Carbon nanotube
PVA Poly vinyl alcohol

rGO Reduced graphene oxide

1 Introduction

Chitosan (CS) is getting a lot of attention because it has numerous good abilities,
such as biodegradability, biocompatibility, nontoxicity, growth regulation, antimi-
crobial activity (Fig. 1), and stress-inhibiting activity in plants [1]. It is the second
most prevalent natural polymer in the world [2]. Especially in comparison to chitin,
chitosan has an outstanding capacity to form complexes, which can be attributed
primarily to the presence of unbound —NH, units distributed over the chitosan chain
[3]. Chitin and chitosan seem to be economically valuable polymers and they can
be extracted from marine waste such as crustaceans, crabs, shrimp, arthropods, and
microorganisms [4]. In plants, chitin is a polymer made up of a disaccharide of
two-acetamido-two-deoxy-f-D-glucose that is allied together through a g (1 — 4)
bond. Furthermore, chitosan was found in the 1900s after the deacetylation of chitin,
which had a lot of acetyl glucosamine units [5]. Chitin was first extracted from mush-
rooms in 1811 by a French professor, Henni Braconnot [6]. Chitosan is a cationic
polymer by nature, making it unstable in environments with different pH and ionic
strength. For example, the chitosan polymer, unlike chitin, is dissolvable in weak
acids similar to acetic or uric acid [7]. Biopolymers such as chitosan are commonly
used in biomedical products because of their many beneficial properties, antibac-
terial actions, hemostasis, pro- and anti-inflammatory cytokine stimulation, lipids,
numerous advanced factors, and chemokines polyelectrolyte compound develop-
ment, increased mucoadhesive strong point, as well as increased tablet crumbliness
[8]. Consequently, chitosan has made its way into various therapeutic applications,
such as tissue regeneration, medicine transfer, biosensors, and wound dressing.
Chitosan-based nanomaterials have been used in a variety of drug delivery
processes including nanoparticles, microbeads, and microfibres [7]. Recently,
nanoparticles have become a popular choice for nanocomposites, specifically for
therapeutic applications like battered delivery of medicines and genes, bioimaging,
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Fig. 1 Numerous biomedical uses are possible due to chitosan’s specific biological characteristics

and tissue regeneration, like skin and bone regeneration (Fig. 1). Nanoparticles have
a lot of exceptional properties that make them a good choice for making nanocom-
posites. Further, cells were grown on chitosan-based bio composites increase, and
these substrates encourage cell differentiation without the use of advanced factors,
suitable for tissue renewal [9, 10]. Multiple characteristics, including cytotoxicity,
motorized properties, and healing efficacy, must be careful when developing a frame-
work or foundation for tissue rebirth. To make chitosan-based nanocomposites into
films, a number of current procedures have been implemented [11], fiber-meshes
[12], and hydrogels [13, 14]. Moreover, chitosan nanocomposite films were used
in a variety of therapeutic implementations, including drug delivery [15, 16]. There
are different supporting materials have been used such as graphene, [17] nano clay,
[18], silver, [19], and titania [20] to prepare chitosan nanocomposites films/materials
for such delivery of drug applications. Throughout this chapter, we shall examine
chitosan-based nanocomposites for drug delivery.
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2 Important Biochemical and Physiological Properties
of Chitosan

CS has exceptional biochemical and physiological properties, finding it suited for a
variety of uses such as food, cosmetics, water handling, membranes, environmentally
friendly defense, resource development, biomedicine, and tissue engineering. They
have several beneficial features including biocompatibility, biodegradability, film-
forming capability, and antibacterial activity [21, 22]. Chitosan is a semi-crystalline
polymer with many dissimilar shapes when it is solid [23]. It has an extended double
helical shape with varying packing densities and water content. It is easy to change
the hydrated “tendon” CS to the anhydrous crystalline procedure by heating it up or
by changing it to monocarboxylic salt [24, 25]. Aside from amino groups, chitosan
has 2-hydroxyl clusters for necessary chemical variations. CS can be subjected to
a variety of processes including etherification, esterification, and crosslinking [26].
When CS is mixed with inorganic and organic acids, it makes water-soluble salts
[27]. It has a durable affinity for metal ions. Moreover, X-ray diffraction patterns
can be made by putting a tendon CS in a solution of Cd21, Hg21, Pb21, Zn21, or
Cu21 ions [28]. Acetylation level, ionic strength, and charge neutralization of -NH,
groups all influence that intrinsic pKa number for chitosan [29].

CS as well as its derivatives of the compound through enhanced antibacterial
activity have also formed [30]. The antibacterial capabilities of chitosan mixed with
nylon-six chelated with silver ions were demonstrated compared to gram-positive and
gram-negative microorganisms [31]. Devlieghere et al. looked studied the antibac-
terial activity of profitable chitosan with a high degree of deacetylation (94%) and
a low molar mass against psychrotrophic spoiling microorganisms including food
pathogens [32]. They discovered as gram-negative microorganisms were much more
sensitive to chitosan than gram-positive bacteria, while susceptibilities within gram-
positive bacteria were highly variable. At the same time, CS-zinc compounds demon-
strated a broad range of efficient antimicrobial properties, with antibacterial treatment
and antifungal action [33]. Silva et al. used buriti oil in chitosan films to create a
100% microbial barrier [34]. The antibacterial movement of chitosan films and coat-
ings was also examined. It was discovered that quaternized chitosan, carboxymethyl
chitosan, and quaternized carboxymethyl chitosan presented significant antimicro-
bial activity compared to Escherichia coli and Staphylococcus aureus [35]. Seyfarth
etal. investigated CS for antifungal activity against Candida albicans, Candida krusei,
and Candida glabrata [36]. They concluded that when molar mass declined, so did the
antifungal activity. Another remarkable attribute of CS is its ability to heal wounds.
Ueno etal. [37] explored the habit of chitosan as a wound healer in dogs. They thought
that Chitosan could speed up the infusion of polymorphonuclear cells (PMN) and
help fibroblasts make more collagen in the initial stages of wound healing. Four drug
delivery applications of Nanocomposite Resources Howling et al. revealed that CS
stimulates fibroblast proliferation in vitro, but only when it is significantly deacety-
lated [38]. Also, they found that extremely deacetylated CSs were more energetic
than chitin and other less deacetylated chitosan in the body. Lim et al. also found that
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CS was cytocompatibility and could help cells grow in the lab [39]. Okamoto et al.
[40] studied dogs to see if open wound healing speeds up the healing process. They
initiate that the size of the inflammatory cells in the controller group rose signif-
icantly more than in the chitin and CS groups. On the extra hand, the chitin and
CS groups had a higher rate of re-epithelialization than the control group. Mi et al.
investigated an asymmetric chitosan membrane in vivo in rats [41]. They concluded
that the membrane-covered wound was hemostatic and healed rapidly. In addition,
histological examinations revealed that in wounds coated with the membrane, epithe-
lialization has been accelerated as collagen accumulation within the dermis became
highly organized. The physicochemical qualities of chitosan are used in drug delivery,
and efforts/research are ongoing to enhance the physicochemical characteristics of
chitosan to maximize its applicability for much more efficient drug administration.
Further research into chitosan’s physical and chemical modifications to facilitate
macromolecule transport to the drug’s target is predicted. Both toxicities, as well
as immunology using chitosan-based target network, must be thoroughly investi-
gated after drug administration to assess the long-term ramifications of this delivery
technology, particularly when employed systemically.

Recently, De Souza et al. have also recommended using chitosan in the produc-
tion of nanocomposite vaccines to treat arbovirus infection [42]. Additionally, such
observations have led to the exploration of chitosan as a possible therapy for SARS-
CoV-2 (the aetiological agent of COVID-19) [43, 44]. Our long-standing concern
about chitosan as a pharmaceutical agent, together with recent findings relating to
chitosan and SARS-CoV-19 has prompted us to reconsider chitosan’s antiviral char-
acteristics in this chapter. Figure 2 summarizes the possible function of chitosan in
the treatment of viral infections.

3 Carbon-Based Bionanocomposites

Two important and widely used procedures for fabricating CS-based membranes as
adsorbents are solution casting and solvent disappearance as well as phase downturn
(followed by chemical stimulation of the resulting membrane). It has also been shown
that making CS composites on your own can be a good and safe idea. Hydrogels made
with graphene oxide (GO) and carbon (CS) macromolecules were made by putting
them together on their own [46]. Additionally, numerous training has established
that self-assembly is a simple process for generating novel complex resources within
height adsorption volumes [47, 48].

4 Carbon-Based Nanocomposites

Carbon can be referred to as a unique and hidden element in the periodic table due
to its chemical abilities. Carbon compounds are made up of many different things,
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Fig. 2 Schematic illustration of chitosan’s possible involvement in viral infection prevention [45]

from petroleum complexes to medications and polymers, but they all reduce into this
category. Further, carbon nanostructures are a very important and very specific type
of nanotechnology. Moreover, carbon nanostructures are made of carbon compounds.
It has exceptional physical and chemical attributes, and they play a big role in the
development of innovative and better types of machinery. Carbon comes in many
dissimilar forms, such as graphite, diamond, fullerene, amorphous graphene, carbon
nanotubes, and carbon nanofibers. In nanochemistry, these forms have lately been
employed in the production of nanocomposite materials.

5 Graphene/Graphene Oxide

Graphene is a highly desirable material. Polymers with graphene are said to be very
durable and have good thermal conductivity, and electrical conductivity [49]. On the
other hand, graphene has a lot of surface area, making it a good adsorbent for metal
ions [50]. Furthermore, graphene with oxygen-containing functional groups is polar
and has a good adsorptive affinity for metal ions [51]. They can make CS membranes
more smooth and dense by adding graphene nanosheets. In this case, when GOs are
added to the polymer matrix, wrinkles and microchannels are formed, giving it the
appearance of a graphitized and semi-layered structure.
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6 Carbon Nanotubes (CNTs)

CNTs were discovered for the first time in 1991 and have since concerned an excessive
deal of devotion due to their exceptional and one-of-a-kind properties [51]. CNTs
are hollow cylindrical buildings that resemble tubular graphene plates. They are
available in two configurations: single-walled and multi-walled. Because it has a lot
of clear surface area, the right structure for tubes, and electrical and semiconductor
conductivity, it can be functionalized by dissimilar types of surface functional groups
[52].

CS is one of the most mutual polymers used to adapt CNTs. Multiwalled Carbon
nanotubes are good additions to polymer membranes because they can make them
more durable and absorb more. The surface functional groups of new adsorbents
show a big part in how the adsorbents work. This is because many novel adsorbents
use surface interactions to remove chemicals. According to Salehi et al. could change
the features of the CS/PVA membranes with the help of MWCNTs that were amine-
functionalized [53]. The main problem with CNTs is that they do not spread evenly
in the matrix of polymers. As a result of interactions with Van der Waal, carbon
nanotubes tend to form groups and are bundled together. Different procedures and
treatments have been used [54]. The most frequently used process is a chemical
variation of the surface via acid behavior. When acid-functionalized CNTs are added
to the Chitosan/polyvinyl alcohol membrane, they can change the sorption volume
and antifouling properties [55].

7 Applications of Chitosan-Based Nanocomposites in Drug
Delivery

Table 1 shows and sums up a list of drug delivery applications that use chitosan
nanocomposites. Chitosan nanocomposites are often used to deliver drugs to treat
diseases like osteoarthritis and cancer [56]. Drug-embedded nanocomposites have
a lot of good qualities, like good pharmacokinetics and the ability to deliver drugs
to specific target sites. Stimuli-responsiveness aids in the fine-tuning of medicine
release rates and the avoidance of burst medicine releases. Medicines can be effec-
tively embedded in chitosan-based resources [57]. Organic chitosan variants were
one possibility for modifying that amorphous form of a resource, which impacts drug
loading proficiency and release features [58, 59]. According to the literature, many
nanoparticles, such as compact GO, [60] clay minerals, [61] gold nanomaterials,
[62] highly porous zeolites, [63] layer dual hydroxide, [64] and iron nanoparticles,
[65], as well as SiO, nanostructured [66], are employing to make numerous cate-
gories of chitosan-based drug delivery carriers. Because of the generation of tortuous
pathways for clay, 2D layered nanosheets such as graphene or carbon nanotubes
(CNT) exhibit better issue features [67]. In addition, some researchers have tried
to add mesoporous silica and extra nanoparticles, like hydroxyapatite, to chitosan
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matrices to improve drug loading and release rates [68—71]. Their findings suggest
that the nanoparticles’ pore size aided in encapsulating larger amounts of drugs (up
to 90%) and in regulating medicine release at the chosen site and time. Addition-
ally, numerous nanoparticles like carbon dots, CNTs, and GO were also used as
photothermal agents in NIR-I and NIR-II windows to treat a variety of tumours [72,
73]. They demonstrated high photothermal renovation effectiveness and rapid tumour
ablation. Chitosan nanocomposite substrates’ photothermal effectiveness facilitated
the start of the medicine release (percent) at the target tissue because they were so
good at it.

For another thing, CTMS have primarily mixed with nanohydroxyapatite
before being mixed with chitosan polyacrylamide to make the nanohydroxyap-
atite compound (Cs/PAAm/nHA). The sum of CTMS added to the Cs/PAAm/nHA
composite can be changed to achieve the desired amount of deprivation of the
compound and the amount of medicine released [83]. A reduction process was used to
create chitosan/rGO nanomaterial, which has then employed in a transdermal carrier
of drug scheme. Because of the reduced graphene, chitosan is more electrically
conductive, making the nanocomposites suitable for drug administration by electro-
poration or iontophoresis [84]. The hybrid Au-Fe;O4 nanoparticles were useful in
the formation of continuous delivery of drug arrangements based on chitosan that
has been grafted with glycolic acid to make it more effective. Despite the fact that the
nano scaffold was designed to be stable, cell growth, adhesion, and movement were
all affected by the pH of the medium. This is even though the nano scaffold was found
to be stable. The nanoparticles that have been made control how much cyclophos-
phamide comes out of a phosphate buffer (pH 7.0) solution that has the drug in it [85].
These nanoparticles had a wide range of properties in the water, including biocom-
patibility, antibacterial movement, magnetic properties, decent dispersibility, and a
suitable hydrodynamic size. This study looked at how well FA-PEG-chitosan-coated
Fe;04 nanoparticles could be targeted. We compared them to chitosan-coated Fe; Oy
nanoparticles and the FA-PEG-chitosan-coated Fe;O,4 nanoparticles. Nanoparticles
made with exact targeting properties, super magnetism, and extensive blood circula-
tion holes were found to be very good for drug delivery and hyperthermia treatment
[86]. Various methods have been used to make nanocomposites that don’t separate
the solvents from the nanocomposites, such as casting and evaporating the solvent to
make chitosan organic rectorite nanocomposite films. It was discovered that dissim-
ilar weight ratios of chitosan to living rectorite were effective in drug application
when loaded with medicines simultaneously [87]. Crosslinking agents like dicar-
boxylic acid were used to make hydrophilic nanoparticles based on chitosan. They
were used to make the nanoparticles stick together. The material that was made is
biodegradable, can be mixed with water, and has been used as an injectable drug [88].
CS nanocarriers that had 5-FU inside of them were made because the nanocarriers
could be used for general drug delivery because the nanomaterial is pH sensitive [89].
The improved chitosan-g-glycolic acid and P-Fe;O,4 nanoparticles had many holes,
which caused phase separation. As time goes on, the porous structure releases less
and less drug, but it still releases a lot at first. The Fe;O4-gold-chitosan core—shell
nanostructure was created with chitosan and the crosslinking agent formaldehyde
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Table 1 Nanocomposite substrates are made of chitosan for drug delivery
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Additives for nanocomposites

Chitosan details and
fabrication technique (if
available)

Characteristics of
pure chitosan
materials

References

The MTD medication was
encapsulated in Zn-based
(MOF-5)

Using the Stirring Method

At pH 2, the MTD
drug has been
estimated to be
539 mg/g

Kumar et al.
[74]

Co-encapsulated (5-FU) and (CU)
in chitosan/rGO composite
material

A solution
casting/low-molecular
mass of

~48,000-180,000 g/mol is
having 85% DDA

There was no burst
release, and
medication loading
productivity was
93% for 5-FU and
95% for CU. The
dual drug-packed
rGO
nanocomposites
increased
anticancer
movement, killing
80% of cancer
cells while being
compatible with
fibroblasts

Dhanavel
et al. [75]

Chitosan, silver nanoparticles,
and MWCNT are encapsulated in
5-fluorouracil (5-FU)

Blending a
low-molecular-mass
solution having 85% DDA

Overall drug
encapsulation
productivity of
nanocomposites
films was 96%,
with sustained
release lasting up
to72h

Nivethaa
et al. [76]

An
alginate-chitosan/montmorillonite
type clay called
alginate-chitosan/montmorillonite
clay is used to treat cancer

85% DDA in a
solution/medium-average
molecular mass blend

5-FU-encapsulated
nanocomposite
films containing
30% MMT
demonstrated good
loading and
release efficiency-
The
nanocomposite
films had a
substantially
greater burst
release of
medication

Azhar and
Olad [77]

(continued)
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Additives for nanocomposites Chitosan details and Characteristics of | References
fabrication technique (if pure chitosan
available) materials
5-Fluorouracil (5-FU) is inside The average MW of The drug release Chandran
nanocomposites made of chitosan | solution casting is features of and
and gold nanoparticles that 270,000 g/mol, with an nanocomposites Sandhyarani
respond to electric fields 85% DDA content were altered using | [78]
an external electric
field (DC) within
the electrolyte
solution. When the
pH was 5.3 and an
external electric
field was
introduced, the
nanocomposite
films released
more drugs (63%)
Incorporation of silica With 75-85% DDA, the The addition of Gordon
nanoparticles in thermosensitive | average MW of solution silica nanoparticles | et al. [79]
hydrogels approach/viscosity is to chitosan
50,000-190,000 g/mol hydrogels

increased humoral
immunity and
dramatically
increased the
growth of CD4+ T
cells

Iron nanoparticle-based magnetic

hydrogels

in situ hybridization
approach that is simple to
use

Magnetic
hydrogels have
been developed.
Under a
low-frequency
irregular magnetic
field, drug release
was changed from
passive to
pulsatile, and the
addition of iron
nanoparticles
improved
biocompatibility
and automatic
stability, notably
elastic modulus,
when compared to
pristine chitosan
hydrogels

Li et al. [80]

(continued)
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Table 1 (continued)

Additives for nanocomposites Chitosan details and Characteristics of | References
fabrication technique (if pure chitosan
available) materials
Solution casting A nanocomposite | Yang et al.

film with apH of | [81]
5.5 in the tumor
tissue had a
loading of drug
productivity of
95% and a
cumulative release
rate of 88% when
the pH was that
high

At pH 7.4, drug
release was just
49%. The
drug-encapsulated
nanocomposites
exhibited a high
degree of cell
compatibility

Bionanocomposite beads of Gelation Method In this case, this is | Kumar et al.
chitosan and GO-MTD the first time that [82]
Chi/GO beads
have been used to
deliver
metronidazole
(MTD) orally for
84 h

via glucose reduction of Au(Ill). The resulting Fe;04-gold-chitosan nanostructures
are effective for medication delivery [90, 91].

The nanocomposites through bone-bioactivity also drug-eluting capability are
being evaluated as suitable coating resources for metallic bone implantations. Patel
et al. demonstrated the transport of ampicillin using chitosan—bioactive glass as
nanoparticles. For 1011 weeks, the therapeutic medication that was well-integrated
during the coating process was shown to last. An antibacterial trial against Strep-
tococcus mutants also demonstrated the effect of medication release. As a result, it
has been found that CS—-BGn could be used to coat metallic inserts and scaffolds
for bone restoration and renewal [92]. In the same way, Jayalekshmi et al. [93],
Demonstrated the habit of a golden nanoparticle integrated polymer/bioactive glass
complex for regulated drug delivery. At the end of this study, the system was used to
deliver doxorubicin. Further, at pH 7.4, 18% mostly was apparently released from
the scheme on the eighth day. This means that it was found that the nanoscale of
the composite was a factor in the system’s high drug delivery efficiency and that the
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system’s nontoxicity, biocompatibility, and controlled release of doxorubicin were
proof that the system could be used for chemotherapy.

8 Conclusion and Future Prospects

It is essential to discuss their flaws to improve material-based research as well
as innovative implementations. Regarding chitosan-based nanocomposites, a rising
variety of studies indicate that CS has significant biomedical applications for poten-
tial in drug delivery. The studies in this chapter show that tissues react to chitosan
nanocomposites differently from how they respond to each component. Nanopar-
ticle surface modification and chitosan modifications have a big impact on cell
activation, adhesion, growth, and differentiation. Moieties like small biomolecules,
peptides, proteins, and polymers are being used to change surface characteris-
tics toward improved biological effects, permitting improved cell-substrate inter-
action and enhancing substrate mechanical properties. Chitosan nanocomposites
with customized features produce positive results, such as faster bone regeneration,
focused drug/cell delivery, improved wound healing, angiogenesis, and osteogenesis.
Furthermore, the molecular mass and drug delivery (DD) have a significant effect on
the usage of chitosan. Just, a study looked at the biological properties of a library of
chitosan with different percentages of DD, acetylation patterns, and molecular mass.
It was shown that chitosan at concentrations of more than 30,000 g/mol inhibits
glucosamine-induced macrophage cytokines via lysosomal rupturing. Tiny parti-
cles, such as carbon nanotubes, silver sulfadiazine, and bioactive glass, have been
shown to be harmful. Despite their shortcomings, chitosan nanocomposite substrates
have a high potential for biological implementations. The current chapter outlines the
drug’s activity and applications in the systemic delivery of the drug. Following this
is a quick summary of biodegradable polymers for drug delivery, with an emphasis
on chitosan as a prospective delivery drug carrier. As a result, the goal of the chapter
is to emphasize the difficulties in developing chitosan-based drug delivery for local
diseases and provides an overview of chitosan and its derivatives.
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Chapter 5 )
Potential of Chitosan-Based ek
Nanocomposites for Biomedical

Application in Gene Therapy

Manoj Trivedi and Sanjay Kumar

Abstract The application of gene therapy in the field of molecular medicine is an
extremely promising approach to curing distinct varieties of illnesses and disorders
of the human race. Currently, challenges of the gene therapy are to find secure and
effective vectors which might be capable of delivering genes to the specific cells
and getting them to express inside the cells. Because of safety concerns, artificial
delivery systems are desired in comparison to viral vectors for gene delivery so
numerous attention has been centered on the development of the effective vectors.
However, Researchers are confronted with numerous problems consisting of low
gene transfer efficiency, cytotoxicity, and lack of cell-targeting capability for the
usage of these synthetic vectors. Chitosan, which is the biodegradable and non-toxic
cationic polysaccharide, is generally preferred to the other cationic polymers as a
non-viral vector mainly due to its properties of chemical versatility, excellence in
transcellular transport, effectiveness as a DNA-condensing agent, and efficient and
permanent transfection. The objective of this chapter is to indicate the importance
and give an overview of the applications of chitosan and its derivatives as novel
non-viral vectors for gene delivery.
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PEI Polyethylenimine

PEI Poly(L-lysine)

pHPMA Poly[N-(2-hydroxypropyl methacrylamide]
p-NIPAM Poly(N-isopropylacrylamide)

RNA Ribonucleic acid

1 Introduction

Since the discovery of DNA’s structure, its functions, and gene transfer applications
have gotten a lot of interest, from cell transfection to the manufacture of trans-
genic animals by getting transgenic embryos to gene therapy. Several studies were
conducted, as follows:

Changing the gene code and looking into the roles of genes.

Transfer of DNA to the organism or its cells (transgenesis).

Gene therapy is used to treat gene mutations or deficiencies.

Therapeutics are produced using transgenic prokaryotes and eukaryotes, particu-

larly pharmaceutical animals such as goats and cattle (bio-pharming of therapeu-

tics).

e Model laboratory animals are created to study genetic illnesses caused by genetic
damage or mutations.

e Farm animals, particularly pigs, are being studied for use as a tissue bank for

human transplants (xenotransplantation).

In these investigations, many successful outcomes have been obtained, as well
as innovative methodologies. Apart from in vitro experiments, in vivo applications
have also been carried out, but due to some unsolved problems and restrictions or
difficulties, such as targeting of gene carrier particles, undesirable acute or late side
effects of genes, and their carrier systems, obstacles relating to human applications
have yet to be overcome. Transfection (gene transfer) is a process in which a gene is
transferred to the nucleus of another cell and implanted in its DNA. Many approaches
and protocols for transgenesis applications have been created by researchers. The
gene is transferred to the tissue/cells using a variety of ways.

Electroporation.

Direct injection of genes into the nucleus or pronucleus.
Using viral vectors to transfer genes.

Non-viral vectors are used to deliver genes.

Because the electroporation technique is only utilized in cell suspension,
it has limited use. Furthermore, microinjection of the gene directly into the
nucleus/pronucleus necessitates specialized and costly equipment, and this technique
can be utilized in cell culture systems and after egg fertilization. The reliability of
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viral vectors in vivo experiments is still an open question, and the results of these
studies are generally poor. As a result, researchers created a novel targeted gene
carrier system, and non-viral gene carrier systems have become more commonly
used in transgenesis and gene therapy applications. However, these methods have
issues such as difficulty in targeting the gene carrier system, early cytoplasmic enzy-
matic activity degradation of the particles and the gene in the cells, and non-viral
agent cytotoxicity. Currently, research is focused on resolving these issues. By deliv-
ering genetic material to the patient, gene therapy has been utilized to prevent genetic
abnormalities. With this technique, the patient’s therapy, which is the regeneration
of damaged biological activities or the restoration of homeostasis, is carried out at
the molecular level. The basic goal is to overcome biological barriers that prevent
therapeutic genes from reaching the desired location. Preclinical and clinical gene
therapy research has advanced considerably in the last 15 years. Gene therapy has
recently gained popularity as a promising treatment option for genetic illnesses,
cancer, cardiovascular disease, and viral infection. Gene therapy not only tries to
treat diseases but also to transfer recombinant genetic material to the nucleus, where
gene expression, which activates or deactivates protein synthesis, occurs. It is clear
that well-targeted, non-toxic gene carrier mechanisms are required to transport the
gene to the nucleus. Chitosan is a non-viral gene carrier that is commonly used in
gene therapy.

2 Chitosan as a Gene Carrier

The carrier system that delivers a gene for gene expression is called a vector. Vectors
are mainly divided into two groups: non-viral vectors and viral vectors. Effective
transfection and gene expression of viral vector therapy genes are of great clinical
importance for gene therapy. Due to its structure, the virus performs gene transfection
very effectively. Due to this property of viral vectors, the required carrier system is
preserved and improved. Recently, viral vectors with different genomic characteris-
tics such as retrovirus, adenovirus, adeno-associated virus, herpesvirus, and poxvirus
have been commonly used for the efficient provision of gene transport capacity and
gene expression. Retroviruses are the most popular of these viral vectors because of
their highest gene transfection efficiency and highest expression of therapeutic genes.
While these functions emphasize the importance of safe RNA and DNA viral carrier
systems, the same report reveals the difficulty of using clinical viral vectors [1, 2]. For
example, adenovirus provides the highest gene expression and can infect dividing
and non-dividing cells, but it elicits an immune response through viral protein and
transient gene expression [3—5]. Similarly, retroviruses facilitate the manipulation of
the viral genome. Although easy to combine with DNA, their advantages are difficult
to target, complex combinations within the genome, and instability [5]. The first clin-
ical study deals with viral vector compliance and reliability. There are numerous viral
vector systems that have been tested in ex vivo and in vivo studies. In recent years,
studies have focused on virus targeting, cell type expression, and time of expression
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to enhance existing effects [5]. Researchers prefer viral vectors for their effective-
ness in transfection studies, but the use of these vectors has characteristics such as
cytotoxicity, immunosensitivity to viral antigens, and possible viral combinations. Is
limited because it is low. Because of these negative features, researchers have been
drawn to non-viral vectors. Today, gene therapy is clinically effective in treating
many illnesses. Since 1989, when gene therapy was first introduced, this approach
has been used in more than 3000 patients with approximately 600 interventions, but
no gene therapy product raises toxicity concerns. In addition, there are significant
usage differences between viral and non-viral vectors. Viral vectors are used in about
75% of clinical treatment cases, while non-viral vectors are used in less than 25%
[6, 7]. Some highlights of the gene transfer application are shown in chronological
order in Fig. 5.1 [8-15]. Due to these instabilities, researchers not only compared
viral vectors with non-viral vectors but also sought to understand the potential and
limitations of non-viral systems. In many of these studies, the researchers of gene
therapy and pharmaceutic technologies recognize that viral vectors are merged with
the genome and the cell is mutated, so cancer occurs in vivo. Besides that, the
immune response is activated, and that’s why the treatment becomes more difficult
[7, 16]. Especially, although the numerous non-viral vectors are synthesized and their
features designed, these systems are not effective enough for gene transfer, so there
are not any commercial products. The non-viral vectors are divided into two groups
lipophilic vectors and polymeric vectors.

Non-viral vectors containing cationic liposomes are commonly used before and
during clinical trials, but an important part of non-viral lipophilic vectors has the
same toxicity as viral vectors. And although there are clinical problems, the main
advantage of these polymers is that they can create various modified cations in the
structure of the polymer to enhance their potency. As a result, plasmid DNA is
released in a controlled manner, increasing stability to enzymes in the blood such as
nucleases, reducing non-specific uptake, regulating interactions with cells and plasma
molecules, and simultaneously eliminating the immunizing of the system. These
modifications are applied to improve the release properties of the polymer, allowing
the genetic material to be released in a controlled manner at the target site [17]. On
the other hand, non-viral gene transfer systems with different polymer structures are

Fig. 5.1 The Continuous growth of gene transfer applications
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safe and economical gene transfer systems with improved various synthetic vectors,
some of which are commercially available. In addition, non-viral vectors are not as
efficient as viral vectors and generally solve as some of the cationic carrier systems
used with anionic genes to generate ion complexes capable of exhibiting cytotoxic
effects [18, 19]. The common goal of these studies is the synthesis of polymer carrier
systems that are as effective and less toxic as viral vectors.

3 Application of Polymers in Gene Delivery

3.1 Artificial Polymers

There are several non-viral gene delivery systems for transferring genetic mate-
rial to the cell nucleus. The non-viral gene delivery system consists of polymers
and lipids or liposomes. Cationic polymers have many advantages for use in gene
delivery such as low toxicity and immune response, being easy to handle, and
being stable [20, 21]. However, some issues need to be resolved, including toxi-
city, reduced transfection efficiency, and lack of biodegradability. These properties
of the polymer need to be modified in different ways. These biodegradable non-viral
polymer gene delivery systems are called transgenic polymers. Transgenic polymers
can be divided into two groups: natural transgenic polymers and synthetic transgenic
polymers. Synthetic transgenic polymers are generally preferred for gene delivery
because of their ease of modification. According to Amiji [6], synthetic transgenic
polymers include non-biodegradable transgenic synthetic polymers [polyethylen-
imine (PEI), polyethylene glycol (PEG) conjugates, etc.], biodegradable transgenic
synthetic polymers (poly-B-aminoesters, polyamido amines, poly-imidazoles, etc.),
polyethylene oxide/polypropylene oxide copolymers and polymeric polyethylene
oxide, polyalkylcyanoacrylate nanomicrospheres. However, the main drawbacks
of these polymers are their high toxicity. The main reasons for toxicity are the
polymer skeleton and the density and distribution of positive charges along with
the molecular weight. PEI’s with a molecular weight of 22-25 kDa are used for
gene therapy because of their reduced cytotoxicity and high transfection efficiency
[22, 23]. Other non-biodegradable transgenic polymers are used to deliver genetic
material such as DNA, oligonucleotides, and small interfering RNAs. Some of these
polymers are poly[2-(dimethylamino) ethyl methacrylate] (PDMAEMA), poly[2-
(dimethylamino) ethyl acrylate] (PDMAEA), and N-vinyl pyrrolidone. They show
high transfection efficiency like PEI, but due to their negative properties that reduce
stability in blood, high interaction with serum components, etc., these polymers are
PEG and poly[N-(2-hydroxypropyl methacrylamide)] (pHPMA) is bound [24]. PEG
and pHPMA materials mask the instability of nanoparticles in serum due to the pres-
ence of nanoparticles in the hydrophilic layer on the polyplex. However, the PEG and
pHPMA groups interfere with complex: DNA complex formation, thereby reducing



126 M. Trivedi and S. Kumar

the efficiency of polyplex transfection. Researchers are working on improving various
ways to solve these problems [24-26].

3.2 Natural Polymers

Cationic polymers (polycations) are one of the most commonly used carrier systems
in molecular gene transfer systems. The polyelectrolyte complex (PEC) obtained
by the interaction of DNA and polycations protects DNA from enzymes such as
DNAse. In addition, transgenic polycations interact with serum DNA due to their
cationic properties at physiological pH.PEC systems are easier to manufacture and
have a lower immune response than viral vectors, but researchers are pursuing further
research due to negative properties such as biodegradability problems and reduced
transfection efficiency. The main transgenic polycations are PEI, poly(L-lysine),
dendrimers, gelatin, and chitosan, a natural cationic polysaccharide. As mentioned
above, one of these polycations, chitosan, is natural, biodegradable, biocompatible,
non-toxic, and does not contain negative charges in the PEC system [6], so it is used
in transfection studies. It is attracting the attention of researchers. Natural polymers
commonly used in gene delivery are poly (amino acids) such as poly-L-lysine (PLL),
polyornithine, polyarginine, chitosan, dextran, collagen, gelatin, and their modified
derivatives. PLLs and other polys (amino acids) are important polymers for use in
gene delivery systems due to their biodegradability, but these polymers are highly
toxic [22]. Other polycations, namely, dextran [27], collagen [28], gelatin [29, 30],
and their modified derivatives are used in gene delivery systems, but researchers have
observed sufficient transfection efficiency so did not do it. Therefore, chitosan has
been widely used in many studies due to its characteristic properties.

4 General Characteristics of Chitosan

Chitosan is a linear polysaccharide composed of glucosamine and N-acetyl-
glucosamine units bound by g8 (1-4) glycosidic bonds and a partially deacetylated
product of the natural polysaccharide chitin. Chitin, a biopolymer, is the most abun-
dant organic compound in nature and is an important component of the exoskeleton
of animals, mainly found in the shells of crustaceans such as crabs, shrimp, and
krill. Since chitosan is an N-deacetylated derivative of chitin, the degree of acety-
lation determines whether the biopolymer is chitin or chitosan. When the degree of
deacetylation of chitin, which is the content of glucosamine, exceeds about 50%, it
dissolves in acidic aqueous solutions such as acetic acid, lactic acid, hydrochloric
acid, and aspartic acid, and is called chitosan [31, 32]. Chitosan does not dissolve
at basic pH values. Chitosan exhibits varying degrees of solubility in dilute aqueous
media, depending on the free amine content of the chain. The molar ratio of acety-
lated amine groups to deacetylated amine groups in chitosan also determines the
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sensitivity or biodegradability of the enzyme. Chitosan is an inexpensive, biocompat-
ible, animal/human biodegradable, non-toxic cationic polymer. In addition to these
properties, it exhibits other excellent biological properties such as immunological,
antibacterial, and wound healing activity. Chitosan degradation products are also
non-toxic, non-immunogenic, and non-carcinogenic. The chemical modification of
chitosan that results in a variety of derivatives is easy to apply. A variety of possible
modification reactions can be applied, including nitration, phosphorylation, sulfa-
tion, thiolation, acylation, hydroxyalkylation, graft polymerization, amination, and
combinations of chitosan derivatives with cyclodextrin. In particular, the physical,
mechanical, chemical, bioactive properties, and commercial availability of chitosan
make chitosan a very attractive biomaterial in biomedicine. Therefore, since the
nineteenth century [33-35], chitosan derivatives have found widespread use in many
areas, including biotechnology (especially biomedicine) and environmental applica-
tions. For example, a future and important use of chitosan in biomedicine for gene
delivery. Chitosan has a high positive charge density due to the D-glucosamine unit in
the structure. It exhibits polycationic properties at acidic and neutral pH. The amine
group of chitosan is protonated and chitosan forms a PEC with negatively charged
DNA [6, 36, 37]. Currently, positively charged groups (amino groups) and negatively
charged ones, nucleic acids that form stable complexes or biological membranes and
in vivo targets (e.g., PEI or polyamide amine dendrimers) due to their low toxicity and
immunogenicity [33, 34]. Therefore, chitosan and its derivatives have recently been
recognized as safe and efficient cationic carriers for gene delivery [6, 33, 34, 38—41].

5 Factors Affecting Gene Transfer in Chitosan Delivery
System

Many delivery systems have been developed to maximize transfection efficiency and
minimize side effects. For this purpose, Kasyua and Karudahave been used in vivo,
versatile payload acceptability, low toxicity or non-toxicity, low immunogenicity,
stealth, active targeting, proper size, and proper surface charge. It provided informa-
tion on the optimized properties of these carrier systems for efficient cellular penetra-
tion: activity, intracellular targeting mechanism and high productivity [42]. Bhavsar
and Amiji pointed out other properties like reactivity, biocompatibility, non-heat
resistance, impurities, availability in medicinal grade, load capacity, permeability,
swelling, viscoelasticity, and local environment sensitivity [43]. As defined above,
we have looked at these two classifications for rectification of the non-viral vectors
compared to viral vectors. Size and charge density are very playing a crucial role
in vitro and in vivo overall performance of polymeric gene delivery systems. The
polymeric gene delivery systems have a positive charge which is complex with the
DNA having a negative charge. These cationic densities boom the encapsulation
performance and enhance the uptake of DNA into the cells through the interplay of
the negatively charged cell membrane [18, 44—46].
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5.1 Surface Charge and Zeta Potential

The polymeric gene delivery systems that are complexed with DNA are called poly-
plex. The positive charge density of the polymer increases the DNA encapsulation
efficiency and stability as well as immunity. Therefore, in various studies, PEG or
the same other molecule forms a complex with the polymer carrier to provide charge
balance, and these modifications make these carriers safe [47, 48]. Charges are also
important for cell penetration. Cationic nanoparticles enter cells via endocytosis.
Positively charged particles react with the negatively charged sugar coating on the
outside of the cell membrane (on the extracellular polymer material on the surface
of the cell membrane) and are taken up by cells by various intracellular mechanisms.
When particles (which did not invade cells by passive and active transport) are taken
up by endocytosis, multiple acidic groups cause endosome destabilization at low pKa
values, resulting in a proton sponge effect. The polymer is then protected by moving
protons to the endosome and increasing the ion charge density until the endosome
becomes unstable [10]. From the formation of polymer support-DNA complexes to
cell invasion and gene transfer to the nucleus, the required surface charge is called
the zeta potential [49, 50]. Expressed as colloidal stability of particles distributed in
a liquid (usually water) and when an electric field is applied to the liquid, it moves
to the negative or positive electrode according to the surface charge ratio. As is well-
known, in the case of colloidal systems, when a net surface charge is formed, areverse
charge begins to be generated in the outer layer, thereby forming an electric double
layer. The innermost layer that surrounds the opposite layer for each surface charge
of a particle is called the star layer. Each particle acts as a single entity consisting
of this bilayer whose positive charge is equal to its negative charge. The potential
difference between this field and the surface charge of the particle is called the zeta
potential (¢). The unit is millivolts (mV) and is measured with a zeta meter [51].
Particles are stable below —30 mV and above +30 mV. For stable nanoparticles used
in gene delivery applications, the average zeta potential is up to +30 mV. The ioniza-
tion of the terminal groups of the non-viral polymer carrier depends on the degree of
surface ionization proportional to the pH of the dispersion. For zwitterionic particles,
the surface charge is positive at low pH and the surface charge is negative at high
pH. These charges equilibrate at a zero point called the isoelectric point [51].

5.2 Particle Size

In 1860, nanoparticle technology was born from nanoscale or nanometer (nm) scale
materials. Currently, the nanoscale concept is described as a material with a particle
size of 1-1000 nm. The scope of nanotechnology lies in the manufacture of nanoscale
materials with various properties and the study of these properties. While chemistry,
physics, molecular biology, and materials science are related to nanotechnology,
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many areas of science are beginning to associate nanotechnology with the devel-
opment of technological methods [52, 53]. The evolution of nanotechnology is not
limited to the position of atoms in the structure of materials as they are transported
from one location to another. Moreover, nanomaterials, which have a high surface
area due to their nanosize, are synthesized with exclusive properties throughout their
controlled size. Therefore, nanomaterials are widely used in many fields such as elec-
tronic equipment, automobiles, military, medical, manufacturing of conductive and
semi-conductive materials, ceramics, surface coating materials, ink manufacturing,
and so on. This technological revolution is seen by scientists as the starting point
for more development over the next 10-15 years. The concept of nanotechnology
in gene therapy began in 1930 with the discovery of the intracellular nanoscale
structure. Today, nanotechnology approaches in gene therapy are known for devel-
oping nanoparticle systems below 200 nm. The size of the polyplex is important
for functionality. The diameter limit of the polyplex is about 10 nm at the first
uptake in the liver. In addition, the upper limit size of the polyplex should be less
than 200 nm. The size of the polyplex is changed by changing the DNA: polymer
ratio [54, 55]. In particular, factors that influence the transfection efficiency of the
chitosan-DNA complex are the degree of deacetylation and the molecular weight
of chitosan, pH, serum, chitosan charge ratio to DNA, and viscosity, and cell type
[6, 38, 56, 57]. Transfection efficiency and DNA loading capacity increase with the
degree of deacetylation, and extracellular DNA protection and intracellular DNA
release increase with molecular weight. The optimum pH for transfection media is
6.8-7.0 [56].

5.3 Chitosan Modification Reactions

Chitosan is insoluble in physiological pH and has low transfection efficiency, so
modification studies are needed. For this purpose, several modification reactions
are performed on chitosan such as modified with PEG or glycol [58], synthesized
quaternized chitosan [59], low molecular weight chitosan [60], and reducing or thio-
lated chitosan (Fig. 5.2) [61]. Generally, PEG, glycol, or pHPMA is used to mask
the instability of nanoparticles in serum and the formation of the hydrophilic layer
onto the polyplex. The introduction of grafted PEG units onto the galactosylated
chitosan was investigated by Parket al. which increases stability in water and cellper-
meability [62]. Mao et al. have been studied grafted methoxyPEG (mPEG) units
of different molecular weights onto the trimethylchitosan [63] to produce modi-
fied chitosan such as PEG-aldehyde [64, 65], PEGcarboxylicacid [66, 67], PEG-
carbonate [68], PEG-iodide [69], PEG-epoxide [70], PEG-diacrylate [71], PEG-NHS
ester [72], and PEG-sulfonate [73—75]. The introduction of colloidal stabilities of
polyplexes with a pHPMAlinker was studied by Luten et al. [76] which enhanced
the stability in serum for in vitro transfection with low cytotoxicity. Later on, a
lot of studies based on this concept have been carried out to date [72, 77-84].
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This modification is preferred over the others because of improvement in trans-
fection efficiency and solubility in water. Numerous quaternized chitosans such
as N-(4-pyridinylmethyl)chitosans [38], N-trimethylated chitosan oligomers [85],
methylated N-(4-N,N-dimethylaminobenzyl) chitosan [86], octadecyl quaternized
carboxymethyl chitosans [87], PEGgraft-quaternized chitosan [88], and other low
molecular weight chitosan have been studied in non-viral gene delivery. Richardson
et al. studied the effect of molecular weight of chitosan on the cytotoxicity, complex-
ation with DNA, and relation to the protection of DNA from nuclease degradation.
He found that the low molecular weight of chitosan is more effective than poly(L-
lysine) for complexation with DNA, and there is no cytotoxic effect for use in gene
delivery [89]. Various research articles related to the modification reactions of the low
molecular weight chitosans appeared in the literature [90—102]. Reducing or thiolated
chitosan is commonly used to dissociate DNA and vectors. In addition, modifications
containing ester bonds [103—105] or biological macromolecules [106, 107] such as
heparin and proteoglycans are used but not generally preferred by the researchers.
The disulfide bonds are delivered to the gene switch through diverse strategies. One
of those strategies is the cationic ligands, which can be coiled at the polymer segments
with the disulfide bonds, then DNA is bonded through the electrostatic interaction,
and so DNA is added into the cytosol via the dissociation of disulfide bonds from the
polyplex. Alternatively, other methods are the formation of cross-linking points via
disulfide bonds and the reaction with disulfide bonds via polymer segments. These
bonds present in the polymer segment not only release DNA but also reduce cyto-
toxicity through the degradation of small molecule components [24, 25]. Lee et al.
stated the thiol modification of chitosan for sustained gene transport. In this study,
the thiolated chitosan/DNA nanocomplexes exhibited significantly stepped forward
gene transport in vitro and in vivo via way of means of the oxidation of thiol groups
to crosslink the thiolated chitosan [108]. Numerous reducible chitosan research had
been stated so far [109-113].

Fig. 5.2 Scheme for representation of chitosan-modified nanoparticles
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6 Application of Chitosan-Based Nanocomposites in Gene
Therapy

Chitosan is the most studied natural macromolecule for gene delivery. It has a posi-
tive charge, binds to negatively charged cell membranes with high affinity, and forms
a complex with DNA via electrostatic interaction [22, 114]. Mumper et al. [15, 115]
have introduced firstly the role of chitosan in gene therapy. Afterward, in 1996-1997,
Murata et al. synthesized the chitosan gene carrier systems having galactose residues
for the transportation of the DNA molecule [116, 117]. Although gene transport
mechanisms of cationic nanoparticles had now no longer been absolutely under-
stood in those years, numerous reports related to the chitosan gene carrier systems
were reported in the literature. Polymeric gene transport applications are quite tough
to classify. In well-known, classification is performed further to the polymer type
as natural and artificial polymeric gene transport structures. However, researchers
understood that this type does not explain all the gene delivery applications so,
in place of making the classifications, they realized that the gene shipping mech-
anisms want to be understood in aggregate with polymer-DNA out of the mobile
to the occurrence of the related proteins into the mobile nucleus. Despite the fact
that these mechanisms have now not been completely defined yet, the modification
reactions are done in step with the diagnosed mechanisms. Wong et al. described
seven essential steps for the transport of a gene to the nucleus: (1) healing genes
packaging; (2) entry to the cellular; (3) endolysosomal getaway; (4) the impact of
DNA/provider system release; (5) progression throughout the cytoplasm and tran-
sition into the nucleus; (6) gene expression; and (7) biocompatibility [24]. Gene
packaging strategies are very critical for gene delivery structures. For the prevention
of the same charge impact on the cell membrane resulting from the phosphate corpo-
rations of DNA, the condensation of the cumbersome shape of DNA, and the safety
of DNA from the degradation extracellularly or intracellularly, researchers stepped
forward with two packaging strategies for chitosan gene transport: (1) electrostatic
interplay and a couple of encapsulation [24, 118, 119]. Usually, electrostatic inter-
action strategies are desired for the chitosan gene transport systems. Erbacher et al.
used the electrostatic interplay methods for growing chitosan/DNA complexes and
they located that this complicated required some feature modifications for strong
and small complexes [107]. Chitosan has amino businesses that are protonated in
impartial pH and have interaction with DNA spontaneously. Due to those features of
chitosan, Lee et al. studied the hydrophobically modified chitosan complexes with
plasmid DNA to put together self-aggregated nanoparticles in aqueous media with
adjusted pH [120]. Aside from this examination, there are various articles reported
relating to those capabilities of chitosan [121-128]. Especially because the encapsu-
lation strategies are explored, the researchers have not generally favored the electro-
static interaction techniques. The encapsulation methods are used for the protection
of genes from enzymatic degradation and offer the controlled launch of DNA via
the biodegradable groups of chitosan [24]. Buddy et al. classified the techniques
of obtaining the encapsulated chitosan-based totally on the nanoparticle systems;
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those are covalently connected nanoparticles, ionically pass-linked nanoparticles,
and desolvated nanoparticles [129]. The covalently pass-related method is carried
out with a chemical cross-linking agent, including glutaraldehyde, for cross-linking
of chitosan [130]. The ionically cross-connected nanoparticles method or ionotropic
gelation approach is the most famous technique for the use of polyanions, such as
tripolyphosphate, for forming cross-connected chitosan [131-134]. In the desolvated
nanoparticles approach, the desolvating agent is used for the precipitation of chitosan
to extract water from chitosan polymeric chains. The complex coacervation approach
is one of the desolvated strategies [129]. Bozkir and Saka studied the complicated
formation of chitosan and plasmid DNA with the use of complicated coacervation
and solvent evaporation techniques. In addition, they investigated the crucial param-
eters which include encapsulation efficiency, molecular weight, and deacetylation
degree of chitosan [135]. The restrictions of the encapsulation techniques are that
the polymeric provider systems are uncovered the natural solvents and high tempera-
tures, which disrupt the genetic materials, much less encapsulation efficiency, much
less DNA biocompatibility because of inadequate launch from the polymeric carrier
structures, and the degradation of DNA due to the hydrolysis of ester bonds in low
pH [24]. The polymer-DNA complexes as polyplexes come upon the primary barrier
on the mobile, and it is far referred to as the plasma membrane. Polyplexes do not
undergo passive diffusion because the transition membrane’s pores and canals are
very constrained dimensionally. Various strategies have been employed to overcome
bodily obstacles. Endocytic uptake of the molecules, which are not handed from
the cell membrane via the easy diffusion or active delivery, is passed essentially
from the mobile membrane through 3 approaches: (1) phagocytosis; (2) pinocytosis;
(3) receptor-mediated endocytosis. In general, the particles which are bigger than
250 nm pass via phagocytosis, and the smaller ones skip through endocytosis on the
mobile membrane [136]. Polyplexes are uptaken in the mobile by means of receptor-
mediated endocytosis. The focus on the agent in the provider structures is used for
specific uptake of the gene in a mobile as for reaching endocytosis. The endogenous
ligands, inclusive of folate and transferrin, are widely utilized in phrases of growing
the biocompabilities and transfection efficiencies. However, the exogenous ligands
have very constrained utilization in terms of generated immune reaction because
of their overseas structures [24, 78, 114, 137-145]. The endolysosomal getaway of
chitosan polyplexes is explained while after the endocytic uptake of polyplexes, they
go back to the mobile floor, which is facilitated by means of lysosomes, intracell
organelle, etc. This concept is expressed with the pK, value of polycations, which
is stricken by a trade-in buffer capability. For chitosan polyplexes, which have a
pK, value of approximately 6.5, the amino organizations are protonated within the
cellular cytoplasm, but this function is applied for the endolysosomal break out of
chitosan polyplexes [146]. In line with the effectiveness of molecular weight and
degree of deacetylation, Huang et al. studied the transfection efficiency of chitosan.
They said that chitosan has 2.5 times higher proton absorption ability than PLL [147].
However, Hoggard et al. studied the connection between ultrapure chitosan and PEI
and studied their characteristics. Consistent with their experimental consequences,
the ultrapure chitosan does now not offer a sponge effect due to its primary amine
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groups as compared with PEI. In addition, its buffering capacity is lower than PEI
on the acid endosomal pH interval of 4.5-5.5 [148]. due to these disadvantages,
researchers have carried out a few modification reactions on chitosan. Moreira et al.
studied to improve the transfection performance of chitosan with the aid of promoting
the endosomal break out potential and buffer capability of chitosan polyplexes. For
this cause, the chitosan backbone is modified with imidazole moieties with a view
to escape endolysosomal degradation, much like PEI [149]. In another study, Chang
et al. modified chitosan with histidine as buffering potential of histidine might help
the escape of DNA inside the endosomal pH variety [150]. Comparable research
was finished with the aid of others as well [151-154]. The most important steps for
the transport of a gene to the nucleus are DNA/carrier device dissociation, cytosolic
carrier, launch into the nucleus, and gene expression. The maximum crucial step
for chitosan carrier systems is the DNA/vector dissociation among those primary
steps because green gene transfer is completed with a minimum retention time of
non-protective DNA in the cytosol. Efforts had been made to enhance the modifi-
cation of the chitosan backbone, and charge reduction or modification of chitosan
is done by modifying it with thermoresponsive groups, ester bonds, or disulfide
bonds (reducible polymers). Among them, the most critical and typically desired
strategies are modification with thermoresponsive groups and disulfide bonds. The
thermoresponsive polymers are transformed to reversible frizz-circular form relying
upon the temperature. Thus, the degree of DNA condensation is decided by the
change in temperature. The frizz phase has the flexible, hydrophilic, the long-wide
chain conformation, whereas the circular form has the collapse, hydrophobic, small
stretched conformation. If the carrier system is circular up to the transition tempera-
ture, and frizz forms below the transition temperature, this transition temperature is
called lower critical solution temperature (LCST) [155]. In fact, the thermorespon-
sive provider device that has an LCST value underneath the frame temperature is
used for the condensation DNA with stretching form into the cell. In this regard,
poly(N-isopropylacrylamide) (p-NIPAM), with an LCST value of 32 °C, is exten-
sively utilized in transfection studies. This polymer offers excessive transfection
efficiency, endosomal escape, cationic character, and hydrophobicity and NIPAM
has been used for chitosan modification in many studies [156—159]. The thiolated
polymers are commonly desired in gene transfer systems as a promising tool [160].
The disulfide linkages are modified to shape the gene carrier systems by the usage of
various strategies; (1) electrostatic interactions, (2) reversible cross-linking, and (3)
direct affiliation of the disulfide linkages at the polymer backbone. As cited above,
those linkages preserve the polymer structure solid inside the cytosol, launch DNA
into the cytosol, and furthermore the cytotoxicity of the carrier system is decreased
with the dissociation of the carrier system to lower molecular weight components [24,
25, 160]. The thiolated chitosan carrier systems that enable gene transfection effi-
ciency were developed by Schmitz et al. [161]. Jia et al. advanced a redox-responsive
chitosan carrier system by using the PEG, PEI, and disulfide bonds for greater effec-
tive gene transfection in HeLa cells [162]. Targeted gene delivery is a significant step
in chitosan carrier systems for obtaining selective and enhanced gene delivery to the
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Fig. 5.3 Schematic Pathway for Chitosan nanoparticles in targeted gene delivery. Reproduced from
M. Junaid Dar et. al. with permission from Elsevier 2019

target site. By using the in vivo approaches, the chitosan polyplex is administered to
the body, it must be targeted to the specific sites as shown in Fig. 5.3.

Numerous reports are reported in the literature relating to targeting these specific
sites, such as tumors [163], liver [164, 165], lung [166, 167], and brain [168, 169].
In most of these studies, chitosan is conjugated with the protein, transferrin, peptide,
antibody, etc. [170]. A peptide functionalized chitosan-DNA nanoparticles were
reported by Talvitie et al. for cellular targeting which is targeted to the required cell
receptors in a specific and time-dependent manner [171]. In addition, Wang et al.
synthesized the pH-sensitive gene delivery system for cancer cell-targeting which
improved gene delivery by the introduction of pDNA nanocomplexes in the core
and a pH-sensitive anionic polymer folic acid-modified PEG tethered carboxylated
chitosan coating on the surface [172]. Numerous studies focused on targeted chitosan
carrier systems have been reported in the literature [62, 173—180]. Currently, a combi-
nation of both the viral vectors and chitosan is used for efficient and permanent trans-
fection [181]. Lameiro et al. coupled the adenovirus into the chitosan microparticle
for mucosal vaccination. The main reason behind this study was to defend viruses,
lower the immune response, and prolonged release. However, there are some bound-
aries including the difficulty of controlled release, loss of viral activity, and less
loading efficiency. More studies are needed to triumph over these shortcomings
[181, 182].
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7 Conclusion

The idea of gene delivery was introduced in 1963, and viral vectors have been most
effectively utilized in the gene therapy area. Because early 2000, these vectors were
in the main abandoned because of the adverse side effects of viral-based gene thera-
pies. Researchers have targeted the synthesis and applications of non-viral vectors,
which are lipophilic or polymer-primarily based gene delivery systems. Cationic
polymers are desired as a non-viral vector inside the field of gene transport. Chitosan
and chitosan derivatives are commonly desired by the other cationic polymers due to
their superior properties. Chitosan and chitosan derivatives are especially biodegrad-
able and biocompatible polysaccharides. These are chemically versatile for under-
going varieties of reactions having different physicochemical properties which were
tuned through modification having lower cytotoxicity, and high transfection proper-
ties. They are also called effective DNA-condensing agents and provide protection
against DNAase-degradation. In connection with this fact that polymer-based gene
delivery systems are yet to gain a massive presence in medical trials. Chitosan and its
derivatives have been utilized in gene delivery studies after numerous modifications.
A number of in vitro and in vivo studies confirm that chitosan and its derivatives
are suitable and promising materials for efficient non-viral gene and DNA vaccine
delivery. It is evident that chitosan and its derivatives are strong candidates to be used
as the most preferred non-viral vector for gene delivery clinical trials in the future.
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Abstract Chitosan is an abundant, non-toxic, reasonably priced polysaccharide with
distinct physicochemical and biological characteristics. This biopolymer has become
one of the most important in a matrix of nanocomposites because of the novel and
improved characteristics promoted in nanotechnological materials. In this way, there
is a great range of executable arrangements to obtain nanocomposites with specific
functionalities in the knowledge of tissue engineering and regenerative medicine.
The former has become an important research field regarding chitosan nanocompos-
ites’ biodegradability, biocompatibility, and bio-inertness. The latter is continuously
facing new applications and obstacles and must find biocompatible materials and non-
immunogenic species. Chitosan nanocomposites can promote cell adhesion and also
replace some of the major components of bone, skin, and cartilaginous tissue. The
natural biopolymer chitosan is hypoallergenic and does not stimulate body inflamma-
tion which makes chitosan nanocomposites an interesting type of material for these
areas. In addition, chitosan nanocomposite production can be performed in several
shapes, such as nanoparticles, scaffolds, fibers, and 3D printed structures, among
others. Finally, this chapter presents and discusses the trend and challenges linked
to the applications areas of chitosan nanocomposites fields of tissue engineering and
regenerative medicine.
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Ber Berberine

BG Active glass

CNM Carbon nanomaterials

CNTs Carbon nanotubes

CPT Camptothecin

CS Chitosan

DD Deacetylation degree

GB Genipin

GO Graphene oxide

mBG Microparticles of active glass
MWCNTs  Multiwalled carbon nanotubes
Nar Naringin

nBG Nanoparticles of active glass
NGCs Neural guidance channels
nHA Nanohydroxyapatite

NP Nanoparticle

PLGA-NPs Poly(lactic-co-glycolicacid) nanoparticles
PNS Peripheral nervous system
rGO Reduced graphene oxide rGO

SWCNTs Single-walled carbon nanotubes

1 Introduction

In recent years, the ability to heal injuries and repair tissues, employing the concept
of medical engineering, has provided a significant improvement in the quality and
methods of disease therapy [51]. Tissue engineering has become one of the most
important scientific therapeutic approaches, receiving much attention regarding its
biomedical applications [76]. This branch of biomedical engineering is an emerging
field with potential alternatives that address several disciplines and that associates
stem cells and scaffolds with appropriate growth factors, cytokines, and chemokines,
aiming at the improvement, replacement, or regeneration of tissues and organs [46].
In the same approach, regenerative medicine also deserves to be highlighted due to
its potential for healing or displace of damaged cells and organs, besides acting in
the normalization of congenital defects [55].

Tissue engineering is directed toward the study of cells and the development
of scaffolds with the possibility of acting in the regeneration or replacement of
damaged tissue. On the other hand, regenerative medicine associates this knowledge
with other fundamentals, such as treatment involving cells, genetic administration,
and immunomodulation, aiming at inducing tissue regeneration in vivo. Therefore,
in a way, this medical field is a scientific branch that includes tissue engineering but
also incorporates other knowledge and rolls different applications [35].
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In the last decades, there has been significant development of research involving
the applicability of chitosan-based (CS) materials in these concerned areas [30,
37, 41, 42, 61]. The CS (poli [B-(1 — 4)-2-amino-2-deoxy-d-glucopyranose]) is
a naturally sourced copolymer formed from glucosamine and N-acetylglucosamine
units linked by B-1,4-glycosidic bonds [5]. It is a natural biopolymer that originates
from the polysaccharide chitin, with exceptional biodegradable, biocompatible, and
antibacterial properties, which are justified by the presence of free amines in the
surface layer of a polymer chain. The presence of these groups enables chemical
modifications, which facilitates the increment of unique functional properties of
great utility and potential for the advancement of compatible materials desirable for
tissue and regeneration applications [22, 42, 80].

Therefore, the main objective of this chapter is to highlight the usage of chitosan
nanocomposites as an important instrument in tissue engineering and regenerative
medicine. Initially, key concepts and physicochemical and biological characteristics
are presented. The main processes used to prepare chitosan nanocomposites applied
in biomedical engineering are briefly discussed. In sequence, it is discussed chitosan
nanocomposites application, providing a review of recent studies that illustrate the
fundamental role of this biomaterial in the area of tissue engineering and regenerative
medicine.

2 Chitosan Nanocomposites Definition and Obtention
Applied to Tissue Engineering and Regenerative
Medicine

Nanocomposites are classified as systems developed from the association of two
or more distinct materials, where one of them reaches nanoscale dimensions (1-
100 nm) that allow the resurgence of physical and chemical properties that differ
from the primitive characteristics of their constituents. Within this class are the
natural nanocomposites (bionanocomposites), where at least one of its constituents
comes from a natural source (for example, biopolymers), favoring the improvement
of physical, mechanical, strength, biodegradable and biocompatible properties of the
composites [8, 75].

The development of natural, biodegradable, and biocompatible nanocomposites
for various biomedical applications has been the aim of numerous researches in recent
years. In this scenario, chitosan (CS) proves to be one of the most widespread natural
polymers applied in biomedical engineering [44, 80]. Among its main applications
are wound dressings, bone replacement, drug delivery systems, tissue engineering,
regenerative medicine, etc. [71].

Recently, nanoparticles incorporated into CS matrices have demonstrated supe-
rior biological activity through faster cell differentiation and proliferation due to
improved system interaction in the nanocomposite form [61]. In order to accelerate
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the healing process of injuries, BlaZevi¢ et al. [15] developed CS/lecithin nanoparti-
cles for melatonin release, observing a great impact on the migration and proliferation
of keratinocytes, an essential factor for wound epithelialization. Active glass (BG)
particles were incorporated into CS membranes to verify which scale provides better
results to the final material. CS membranes with nanoparticles of BG (nBG) showed
better mechanical properties and higher bioactivity when compared to membranes
with microparticles of BG (mBG). In this study, the authors mention the potential of
CS/nBG membranes in the development of bioactive composites for possible appli-
cation for bone regeneration [20]. The use of CS-incorporated vancomycin has shown
a promising effect and efficiency in infection prophylaxis in orthopedic surgeries.
The authors mention that such an effect is justified by the high potential to modify
the surface of surgical implants [63]. More detail on the various applications of CS
as a composite applied in tissue engineering and regenerative medicine is given in
Sect. 4.

One of the key aspects for this polymer to be designated as a potential candi-
date for biomedical engineering applications refers to the biological properties of
chitosan. Highlights include biodegradable, cytocompatible, non-toxic properties,
antimicrobial, fungicidal, antioxidant, anti-inflammatory, anti-tumor, macrophage
activation, angiogenesis stimulation, mucoadhesion, granulation, scar formulation,
and wound healing stimulation [4, 37, 87]. In addition, chitosan also has hemostatic
effects, coagulates blood, and stimulates cell growth and tissue organization, which
justifies that the material aids wound healing through the formation of fibroblasts
and macrophages, the accumulation of hyaluronic acid [6].

It is also worth noting that chitosan has excellent physicochemical properties
that demonstrate the potential of this natural polysaccharide in biomedical appli-
cations, but its use in regenerative medicine may be limited due to the inadequate
barrier, thermal and mechanical properties [42]. On the other hand, the presence of
active chemical groups in the chemical structure of CS can promote the modification
of the material according to the objective application; thus, characteristics such as
resistance, mechanical properties, and biodegradation time can be improved [44, 80].

There are some adequated processes for shaping nanocomposites, each of them
with the advantages or drawbacks for tissue engineering and regenerative medicine.
Some of the most usual processes which are commonly used to prepare chitosan
nanocomposites for this field are present as follows:

(a) Solvent Casting Method: This is the most simple process in producing chitosan
nanocomposites [13]. Nanocomposite is obtained by blending in the solution
or coating, and this technique is limited to a plate-like film morphology. For
regenerative medicine, solvent casting method is strongly applied in wound
healing and scaffolds, among others.

(b) Freeze Casting: This technique consists in dispersing material in a solvent
followed by freezing and lyophilization of the solvent. This technique normally
produces a highly porous monolith geometry and is the main route for scaffold
production with chitosan [78].
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(c) Electrospinning and Electrospray: The electric charged or melted polymeric
solution is submitted to a high-voltage electrostatic field surpassing its own
surface tension, producing small jets, which are then stretched and accelerated
in the direction of a metallic collector. Finally, the jet falls onto the collector
after the solvent evaporation or melt cooling, there is the production of fibers
(electrospinning) or particles (electrospray). This technique can be applied in
scaffolds, nanofiltration, wound healing, and drug delivery [93].

(d) 3D printing: Three-dimensional printing is a mixing of several kinds of tech-
niques, based on 3D mathematical modeling, which can apply in biological
and non-biological systems, allowing the construction of physics objects by
continuous stacking. This technique possesses a higher precision of the mate-
rial geometry, corresponding to a computer-aided design (CAD). 3D printing
has been a great increase in scaffold production [88].

Furthermore, biological and physicochemical characteristics of chitosan favor its
use as a major component in various types of shaped composites, such as in the
development of membranes, films, scaffolds, 3D printed scaffolds, fibers, nanoparti-
cles, nanovehicles, nanocapsules, drugs, hydrogels, and also as a component in grafts
[44, 61].

3 Chitosan Nanocomposites Physicochemical Properties

In recent decades, chitosan has demonstrated distinct physicochemical properties for
biomedical applications [68, 94]. In this scenario, chitosan-derived nanocomposites
have aroused great interest because their use can provide distinct properties to the
nanocomposite formed, mainly due to their prominent physical and chemical proper-
ties, such as biodegradability, biocompatibility, and chelating, among others, which
directly influence the nanocomposite formed.

In this sense, chitosan has gained support because it is an ecologically correct,
low-cost, sustainable, and renewable matrix of nanocomposite [52]. In its chemical
structure, the amine (NH;) and hydroxyl (OH) groups play an important role in
promoting inter- and intramolecular hydrogen bonds that assure better incorporation
of nanoparticles in their matrix [21, 33].

From another perspective, according to Whyte et al. [8§9], the chitosan matrix has
a common disadvantage among hydrogels that is low mechanical strength. Because
of this, other nanomaterials can be used as a coating or applied together with chitosan
to ameliorate its mechanical properties [73].

According to Vandghanooni and Eskandani [86], the application of materials
with complex structures or chitosan compounds in scaffolds development has been
fomented by virtue of their excellent biological, chemical, and physical proper-
ties, which when combined can result in good cytocompatibility, greater polymer
crosslinking, improved mechanical properties, better process parameters, a high
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antibacterial effect attributed to the cationic structure of chitosan, besides that to
showing stronger interactions with proteins and adhesive receptors.

4 Applications of Chitosan-Based Nanocomposites
in Tissue Engineering and Regenerative Medicine

Kotodziejska et al. [44] highlighted chitosan properties that make this biopolymer a
promising material for several applications in biomedicine. Additionally, the authors
listed some examples of the use of chitosan, remarkably citing tissue engineering
and regenerative medicine applications. To illustrate this great potential, a diagram
is presented in Fig. 6.1.

Owing to the structural and chemical properties of its backbone, especially the
presence of amino groups that can ionize, chitosan possesses the ability to support
cell attachment and multiplication [22, 53]. Moreover, the structural similarity to
glycosaminoglycans, the main constituent of extracellular matrix, stands out this
biopolymer as an important material for biomedical purposes [53]. Additionally,
controllable degradation rates and aptitude to be molded as scaffolds with morphome-
chanical properties similar to the collagen material emphasize the huge potential of
chitosan in the field of tissue engineering.

As explained by Zhu et al. [98], the chemical improvement from chitosan can
produce tailored chemical and biophysical properties. To illustrate this statement,
they stabilized Fe;O4 nanoparticles into distinctive active polysaccharides (chitosan,

Fig. 6.1 Examples of the use of chitosan in regenerative medicine
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O-carboxymethylchitosan, and N-succinyl-O-carboxymethylchitosan) aiming to
increase the bioactivity, evaluate the releasement profile, and the in vitro cancer
cell inhibition activity of camptothecin (CPT). Results revealed that polysaccharide
character strongly influences the size distribution of CPT-loaded polysaccharide-
modified Fe;O4 nanoparticles, adsorption efficiency, and drug release profile. Cyto-
toxicity test against 7721 liver cancer cells showed that CPT-loaded polysaccharide-
modified Fe;O4 nanoparticles had better in vitro cancer cell inhibition activity than
CPT-free drug.

Innovative scenarios in combining chitosan with nanostructures-derived materials
have generated new porous material with elevated open porosity and large specific
surface areas [43]. These features highlight the suitability of chitosan nanocomposites
as a material of choice for tissue engineering and regenerative medicine.

4.1 Tissue Engineering

According to [49], some factors ought to be considered in tissue engineering: (a) cells,
which are the most basic unit of organisms, (b) scaffolds, which are the framework
materials specially designed to support the cellular growth and organization; (c)
growth factors, which are extracellular factors that directly influence cellular activity.

Scaffolds are supported structures designed mostly to enhance cellular interaction
as needed, making the genesis of new active tissues possible [89]. In this sense, for
tissue engineering purposes, scaffolds must present a specific prominent pore struc-
ture with higher interconnectivity, imitating bone’s pattern, and favoring cell attach-
ment, proliferation, and growth [53]. Cellular phenomena, like migration, growth,
and new tissue formation, will be facilitated in those proper porous conditions [74].

Innovative fabrication strategies have been pursued to develop scaffolds and
matrices for bone tissue engineering. Figure 6.2 summarizes the main prerequisite
characteristics of scaffolds regarding their application as a promising therapeutic
tool.

There is a certain difficulty for chitosan and other natural-based polymeric raw
materials to produce elevated porosity with controlled pore size and high pore
interconnectivity. That difficulty is mainly related to the heat sensitivity of this
type of material [72]. For those reasons, chitosan scaffolds and their nanoderiva-
tive are strongly aimed at freeze-drying processes or combinations even though
electrospinning has already been used [86].

The association between chitosan scaffolds and some nanoparticles, such as
nano-hydroxyapatite (nHA), expands the variety of process manufacturing possi-
bilities [17, 72]. Nanoadditives are inserted in chitosan scaffold development to
keep chitosan biocompatibility levels unchanged [1]. In this context, nHA, which
resembles the inorganic component of natural bone material, is combined among
chitosan composite scaffolds to overcome the drawbacks of a single-material shaping,
improving the biological and physicochemical attributes of the designed scaffold
[49].
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Fig. 6.2 Scaffolds’ main characteristics for tissue engineering application

Improvement of mechanical properties, formation of extracellular matrix, and
cytoplasmic extensions were pronounced on chitosan—nanohydroxyapatite (nHA)
nanocomposite scaffold developed by Maganti et al. [53] in comparison with pure
chitosan ones. According to their results, scaffolds demonstrated cytocompatibility
and appropriate porosity formation irrespective of deacetylation degree (%DD) and
nHA content. Although, despite the similarity in their constitution, careful examina-
tion clearly suggested the determining importance of the nanoparticles in developing
improved cellular interactions of cell-nanocomposite constructs. While the ability to
retain water was similar for both, characteristics such as greater indentation modulus,
reduced water uptake, and slower degradation rate were better in nanocomposite
scaffolds.

Targeting a potential use as bone tissue, Thein and Misra [85] synthesized a
biomimetic nanocomposite by developing chitosan scaffolds with different nHA frac-
tions. Superior mechanical, physicochemical, and biological properties compared to
pure chitosan scaffolds for bone tissue engineering were achieved. Results pointed
out that cell proliferation in composite scaffolds was about 1.5 times greater than
pure chitosan after 7 days of culture and beyond. Water retention ability exhib-
ited similarity between chitosan scaffolds and their nanocomposites. Greater bone-
binding proprieties and biodegradation control were seen after the addition of nHa
into chitosan samples.
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Biodegradable scaffolds act as a critical part of tissue engineering, and three-
dimensional (3D) forms provide the desired support for cells to grow and maintain
their distinct functions [96]. Maganti et al. [53] explained that the scaffolds mainly
act as a biodegradable template allowing their own replacement by the newly formed
bone tissue.

The development of scaffolds for the 3D printing shaping technique is also
possible. Bioinks, which are the precursor materials used in a 3D printer, could
be specially designed for biological application purposes [70]. In the selection of
bioink components, there are important parameters that must be considered, such
as viscoelasticity, yield stress, cost, printability, shear-thinning, shelf life, creep, and
cross-linking time [48]. Sommer et al. [79] described the development of a bioink
consisting of an oil-in-water emulsion stabilized by the association of modified silica
nanoparticles and chitosan. With the resulting stability of the emulsion and higher
storage modulus, yield stress, and elastic recovery, the resultant ink was a better fit
for 3D printing standards.

Nanomaterials have strengthened their foothold among tissue engineering strate-
gies for treating bone and dental defects [91]. For craniofacial and dental tissue
engineering, the frequently used nanomaterials include nanoparticles, nanofibers,
nanotubes, and nanosheets [49]. For example, a combination of chitosan with bioac-
tive glass nanoparticles aiming to produce a novel guided tissue and bone regen-
eration membrane was proposed by Mota et al. [60]. The introduction of bioactive
glass nanoparticles into the chitosan increased the stiffness of the membrane, which
also showed adequate extensibility in wet conditions. The composite membranes
were able to promote the deposition of an apatite layer, evidence of osteoconduc-
tive potential. Results indicate that the chitosan/bioactive glass composite membrane
might potentially be applied as a certain temporary tissue regeneration membrane in
periodontal regeneration.

Therefore, a variety of chitosan preparation methods can be applied in combina-
tion with different types of nano-species targeting different tissues and purposes in
tissue engineering. Table 6.1 summarize some works.

In recent years, researchers have been carried out focusing on chitosan as a
matrix molecule in tissue engineering. Numerous studies presented in this section
evidence the important improvements that can be achieved through the development
of chitosan nanocomposites. Fundamental characteristics of biomedical engineer-
ings, such as mechanical properties, conductivity, and bioactivity, were enhanced
successfully by combining proper nanomaterials. A variety of methods have been
employed to prepare chitosan nanocomposites, and strategies to heal different tissues
have been conquered, showing promising results.

4.2 Regenerative Medicine

Chitosan has been studied in several regenerative medicine fields. In the form of
nanocomposites, chitosan can be a good candidate for the process of healing wounds
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Table 6.1 Chitosan nanocomposites scaffolds according to nanomaterial type, preparation method,
target tissue, and the properties enhanced

Nanomaterial Preparation method | Tissue Properties References
enhanced

Graphene oxide | Freeze casting Bone Mechanical, pore | Dinescu et al. [26]
formation,
bioactivity,

Graphene oxide | Solvent casting Bone Mechanical, Tavakoli et al. [84]
thermal stability

Hydroxyapatite 3D printing Bone Bioactivity Pradeep et al. [65]

MWCNTSs* Solvent casting Bone Bioactivity, Bakhtiari et al.
reduced [12]
biodegradability

Carbon nanofiber | Freeze casting Cardiac Elasticity, Martins et al. [56]
conductivity

Graphene oxide | Freeze casting Cardiac Conductivity Jiang et al. [38]

Gold Freeze casting Cardiac Conductivity, Baei et al. [10]
bioactivity

Graphene oxide | Electrospinning Cartilage | Mechanical Caoetal. [18]

Graphene oxide | Freeze casting Cartilage | Mechanical Shamekhi et al.

[74]

Single-walled Electrospinning Neural Mechanical, Shokrgozar et al.

carbon nanotube bioactivity [77]

Ag Freeze casting Skin Mechanical, Niu et al. [62]
antibacterial
activity

Cu0 Electrospinning Skin Hydrophilicity, Zhou et al. [97]
antibacterial
activity

*Multiwalled carbon nanotubes

due to their low mammalian cell toxicity and the antimicrobial properties related to
the chitosan cationic structure tendency. These properties also can be improved with
the presence of some nanoparticles [57, 66].

Metallic silver, gold, titanium, copper, and other metallic oxide nanoparticles
have presented important therapeutic effects on wound healing. Their unique shape
characteristics in combination with the general type of polymers, in the form of
nanocapsules, polymersomes solid lipid nanoparticles, or polymeric nanocomplexes,
are ideal transport to promote the correct action of pharmaceutical medicine (antibi-
otics, growth factors) for a proper wound healing [2]. Chitosan has interesting qual-
ities in this field including the easing of fibroblast attachment and the accelerating
tissue regeneration [31].

Ding et al. [27] described the test of a chitosan bilayer dressing comprised of silver
nanoparticles for healing biotissues. In this study, the authors documented a decre-
mental effect in the composites’ antimicrobial response following the crosslinking of
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chitosan with genipin (GB). Notwithstanding, the deleterious effect was eliminated
by the association of silver nanoparticles to the compound. Archana et al. [9] devel-
oped a composited chitosan nano-dressing of chitosan—pectin—titanium dioxide with
increased biocompatible efficiency and antibacterial behavior. The nano-dressing
presents stronger antimicrobial activity against five pathogens types and also has a
good blood-compatible effect. Furthermore, chitosan—pectin—TiO, dressing material
can also control water loss in evaporation from wound beds at one optimal level and
absorb more exudates, keeping these wounds without risk of dehydration or exudate
accumulation.

Focusing on skin regeneration applications, Ghaee et al. [31] developed
biomimetic nanocomposite scaffolds based on surface-modified polycaprolactone
nanofibers containing curcumin embedded in chitosan/gelatin. The fabricated
nanofibrous-hydrogel scaffolds showed a highly interconnected porous structure,
which promotes deep nutrient flow to cells and satisfies demands for application
in skin tissue engineering. The cell attachment and biocompatible efficacy were
confirmed under specific biological tests in the nanocomposite scaffolds obtained.

Nanocomposites have also been studied as therapeutic agent carriers. As explained
by Tarhan et al. [83], because of their nanoparticle size and increased biocompat-
ibility, nano-derivative polymeric agents can be attached to the bloodstream for a
longer period of time until reaching the target site. This approach has been used to
improve the clinical results of chemotherapy, for example, and the usage and advan-
tages of magnetic nanoparticles are being explored for effective treatment without
damaging healthy cells [82].

Kankala et al. [40] associated a siliceous-zinc framework loaded with doxoru-
bicin together with a platinum (Pt) nanoparticles-enriched chitosan composite. This
interesting drug delivery method contributed to tissue penetration and helped to ease
the inhibition effect seen in the chemotherapeutic treatment.

Effective drug delivery and wound healing have been accomplished also through
chitosan bioadhesive systems. Bioadhesive polymers are a category of polymers to
adhere two surfaces where at least one of them is living tissue [34]. Chitosan, as
a biopolymer with immune-stimulatory activities, biodegradability, cationic prop-
erties, and high adsorption capacity, conquers great attention in this area [23, 34].
Ameeduzzafar et al. [7] developed a bioadhesive chitosan-coated poly(lactic-co-
glycolic acid) nanoparticles (PLGA-NPs) for effective treatment of bacterial conjunc-
tivitis. An extended drug release with prolonged retention and better tolerability at
the corneal site was observed in this study. The antimicrobial activity of developed
nanoparticles (NPs) was superior than marketed drug compound.

Chitosan is also a promising candidate in the field of biosensing technologies, with
known capabilities like specificity for many biological and chemical species [14].
Due to the relatively low conductivity of chitosan, the transfer of the electric signal
to the transducer on chitosan-based biosensors is impaired. For that reason, materials
such as NPs have been combined with chitosan in order to make nanocomposites
addressed to enhance their conductive properties [24, 81].

A biosensor aimed at the detection of sarcosine, a biomarker for prostate cancer
with increased amperometric properties, was developed by Deswal et al. [25].
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This biosensor was established on covalent immobilization of an enzyme, sarco-
sine oxidase, over the chitosan nanocomposite bounded with grapheme nanoribbons
which were electrodeposited in gold electrode, aiming to test the utility for detec-
tion of sarcosine in blood. Results showed high sensitivity, broad linear range, lower
detection limit, good reproducibility, and longer stability (180 days), which are indi-
cations that the developed biosensor could be employed in the diagnosis of prostate
cancer.

Biomaterials have been used for repairing lesioned ducts of soft tissues in the body,
such as weasand, blood vessels, and nerve regeneration. Although synthetic poly-
mers have been widely applied in this field, their biocompatibility and degradability
limit their applications [95]. Chitosan, beyond exceptional properties such as antibac-
terial activity, biomechanics, biocompatibility, toxicity, biodegradability, and non-
antigenicity, has seemed to stimulate Schwann cells genesis and nerve regeneration,
important features for biomaterials applied in tissue engineering and regenerative
medicine [50, 90, 92].

In terms of lesions of the extensive peripheral nervous system (PNS), the thera-
peutic employment of neural guidance channels (NGCs) has increased importantly.
NGCs are polymer-derivated tubes that can be applied for linking injured nerve ends.
Chitosan is, among other biomaterials, a possible candidate for use in this field [28,
64, 67]. However, even in face of promising results, researchers have been trying to
amplify the NGC’s healing proprieties through different strategies [19, 45].

Concerning drug delivery by NGCs, secondary drug delivery vehicles such as
nanoparticles are an advantageous method related to their adequated release profile,
drug delivery specificity, high encapsulation efficiency, and high surface-to-volume
ratio [16, 88]. Ebrahimi et al. [29] prepared a sophisticated chitosan/alginate hydrogel
composited with berberine (Ber) and naringin (Nar), both natural substances, encap-
sulated into CS NPs. According to their results, the authors reported 50% encap-
sulation efficacy and size distribution of around 500 nm with a described sustained
release of almost 90% in 24 days following an initial drug delivery burst on the
first days. Allegedly, in vivo results showed better anatomical healing as well as
higher motor and sensory recovery when using the therapy with Ber- and Nar-loaded
chitosan/alginate hydrogel. These results could indicate new uses for the designed
hydrogel such as nerve damage recovery.

In order to broaden the range of examples in which chitosan nanocomposites
have been applied in regenerative medicine, Table 6.2 is presented. In comparison to
Table 6.1, it is also possible to notice an elevated extension of possibilities regarding
chitosan nanocomposite among different target issues, promoting different properties
enhancement in different application fields.

Many studies have confirmed the versatility of chitosan nanocomposite’s appli-
cation toward regenerative engineering. In this section, we have addressed the
main trends regarding the development of nanocomposites in this biomedical field.
Different strategies such as wound healing, electrical stimulation, and drug delivery
approaches were considered.

Silver (Ag) emerged as an important nanomaterial for wound healing applications.
Active against a vast spectrum of infectious agents, it is acknowledged and used as
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Table 6.2 Chitosan nanocomposites in regenerative medicine according to nanomaterial type,
application field, target issue, and properties enhanced

Nanomaterial Application | Target issue Properties Reference
field enhanced
Graphene oxide | Biosensing | Detection of Electrochemical, | Mehdizadeh et al.
glucose sensitivity, [58]
detection limit
SWCNTs* Biosensing Serum leptin Conductivity, Bakhtiari et al.
detection biocompatibility, [12]
accuracy
Graphene Bone Bone engineering | Hydrophilicity, Mabhanta et al.
oxide/Sulfonated | regeneration | and drug delivery biocompatibility, | [54]
graphene oxide drug release
kinetics
Hydroxyapatite | Bone Dental Mechanical, Dinescu et al.
regeneration | repair/regeneration | osteoconductivity | [26]
Graphene oxide | Drug Yet to be studied Mechanical, Zhou et al. [97]
delivery biocompatibility
Reduced Drug Transdermal drug | Mechanical, Justin and Chen
graphene oxide delivery delivery conductivity, drug | [39]
(rGO) release profile
Silica Drug Cartilage Sustained drug Niu et al. [62]
delivery regeneration release,
chondrocyte
proliferation,
mechanical
SWCNTs* Drug Cancer cells Water solubility, Mo et al. [59]
delivery biocompatibility
Gold Gene therapy | DNA carriers Transfection Abrica-gonzailez
efficiency et al. [3]
Silver Wound Yet to be studied Water vapor Pradeep et al.
dressing transmission, [65]
mechanical,
antibacterial
activity
Silver Wound Thermal burns Antibacterial, Jiang et al. [38]
dressing injuries bioactivity
Silver-titanium Wound Yet to be studied Porosity, Liang et al. [51]
dressing biocompatibility,

water adsorption,
cell growth

*Single-walled carbon nanotubes
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an antimicrobe agent, both in its metallic and ionic forms [47]. As explained by
Hasan et al. [36], many of the implant-associated problems and their deleterious
health effects can be avoided, whenever such antimicrobial agents are associated
with scaffolds/hydrogels preparation.

The carbon nanomaterials (CNMs) group, notedly graphene oxide (GO) and
carbon nanotubes (CNTs), also appeared as an interesting constituent of chitosan
nanocomposites. Alongside their sustainable physicochemical properties, superior
characteristics such as elevated thermal and electrical conductivity, optical proper-
ties, and great stability are highlighted by Khorsandi et al. [43], proving this group
as a notably attractive material for biomedical applications. In this sense, regener-
ative medicine represents a multidisciplinary field that brings innovative solutions
and amplifies the healing prospect.

5 Concluding Remarks and Future Perspectives

Over the last years, chitosan has demonstrated unparalleled characteristics for tissue
engineering and regenerative medicine applications. However, improved physico-
chemical properties are able produced with the presence of nanomaterials. The pres-
ence of surface hydroxyl and amino groups enables chemical modifications, which
facilitates the increment of unique functional properties of great utility and potential
for the development of nanobiomaterials that are desirable for tissue engineering and
regenerative medicine.

There are many processes to design chitosan nanocomposites with the advantages
or drawbacks for tissue engineering and regenerative medicine. The most common
are solvent and freeze casting although there is an increment in more sophisticated
techniques such as electrospinning and 3D printing.

In this chapter, we provide several examples that testify to the potential of chitosan
nanocomposites in scaffolds, repair, and regeneration of a variety of human tissues.
From the arguments and examples provided, chitosan nanocomposites appeared as
promising tools in regenerative medicine and tissue engineering.

The future perspectives in chitosan nanocomposites in the related fields are in the
study of insertion in distinct nanomaterials species and shapes, The future perspec-
tives in chitosan nanocomposites in the related fields are in the study of insertion
in distinct nanomaterials species and shapes, and the study of alternative produc-
tion routes that can produces chitosan nanoparticles with sophisticated geometric
features. And finally, there is still a great lack of distinct applications in tissue engi-
neering and regenerative medicine where chitosan nanocomposite could be further
applied.
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Chapter 7 M)
Emerging Applications skl
of Chitosan-Based Nanocomposites

in Multifarious Cancer Diagnosis

and Therapeutics
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Abstract Cancer, a debilitating disease by uncontrolled cell differentiation in the
body, has been described to have over 200 different characteristic manifestations and
clinical types. Conventional treatment strategies like chemotherapy, surgery, and
radiotherapy (applying radiations) have been employed to treat the majority of the
malignancies but acute side effects like hair loss, anaemia, oedema, bruising, fatigue,
etc., have compelled scientists all around the world to look for alternate treatment
regimes. Recent developments in nanoscience have revealed it to be highly effective
in the detection and cure of cancers. One such class of nanomaterials that possesses
a lot of potential in the biomedical domain is nanocomposites which can be roughly
defined as a combination of nanoscale substances having no less than one dimen-
sion in the nanoscale range that are arranged in terms of a polymeric matrix, with the
materials being in various combinations of organic and inorganic origin. Their rise in
demand and research is because of their unusual properties and flexible nature that is
relevant in the biomedical landscape. When associated with other biomaterials, they
become even more functionally advantageous and the most promising one in cancer
diagnostics, and treatment is chitosan. Chitosan, being a biopolymer, is produced by
deacetylating chitin, a widely found polymeric form of N-acetylglucosamine which
contains active functional groups that are highly susceptible to chemical reactions.
This results in many unique properties like biocompatibility, biodegradability, non-
toxicity, antimicrobial activity, etc. Thus, this chapter focusses on the up-gradation
of nanocomposite properties when introduced with chitosan along with highlighting
the multifarious uses of these chitosan-based nanocomposites in the domain of
biomedicine, with special emphasis on cancer diagnostics and treatment. The chapter
also aims to put into perspective, the recent developments in these biomaterials and
discusses their functionalities and attributes whilst describing their applications in
cancer healthcare concerning future advancements.
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Abbreviations

A549 Adenocarcinomic human alveolar basal epithelial cell line
API Active pharmaceutical ingredient

CHI Chitosan

CHI/GO Chitosan conjugated graphene oxide

HCT-15 Human colorectal carcinoma cell line

HeLa cells Henrietta lacks cell line

HepG2 Liver hepatocellular carcinoma

HT-29 Human colorectal adenocarcinoma cell line
IARC International agency for research on cancer
ISO International organization for standardization
MCE-7 Michigan cancer foundation

NP Nanoparticle

PLGA Poly(lactic-co-glycolic) acid

ROS Reactive oxygen species

XRD X-ray diffraction

1 Introduction

Currently, cancer is one of the most debilitating diseases and is amongst the leading
causes of death across the globe, after the spectrum of diseases like cardiovascular
problems. According to the well-researched data by the International Agency for
Research on Cancer (IARC), approximately 13.1, a million casualties associated with
cancer are estimated by 2030. Some reasons behind the occurrence of metastasis
may be external, such as urbanization, lifestyle, and overgrowing population, or
internal, such as hormonal, poor immune system, or even genetic [1]. Evidence
suggests that carcinogenesis is primarily caused due to DNA damages that lead to
genomic instability, a phenomenon in which chronic mutations are induced in the
genetic material and can be initiated by agents like ionizing radiation, heavy metals,
etc. This instability can be passed on to the next generation and is responsible for
increasing the risk of carcinogenesis and may even lead to secondary cancers in
patients undergoing chemotherapy or radiotherapy. Traditional methods of treating
cancer include surgery, chemotherapy, and radiotherapy, with chemotherapy being
the one that is used most widely. But it has its detrimental effects such as sub-
par bioavailability, multi-drug resistance, deleterious physiological manifestations
in the form of hair loss, anaemia, etc., due to poor targeting and low-cost efficacy.
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In the process of finding novel methods of treating cancer, scientists have started
exploring nanotechnology for overcoming the limitations of conventional treatment
procedures.

Ever since Richard Feynman gave the definition of nanoparticles, science has
progressed a long way in the arena of nanotechnology and is making continuous
strides in increasing the applications of this field. In a myriad of fields, nanoformula-
tions are being applied because of their distinctive properties which are exemplified
by their high-surface area, remarkable mobility in their free states, reactivity, stable
carrier structures, quantum effects, etc. Such attributes are particularly useful in the
field of biomedicine where these are put to use in a multitude of ways, ranging from
diagnostics to therapy. There are a large variety of nanoscale formulations possible
like nanoparticles of numerous origins (metallic, organic, inorganic, etc.), nanotubes,
dendrimers, liposomes, polymeric nanoparticles, nanocomposites, and many more.
Out of these, one class that has garnered large-scale attention is nanocomposites
especially the ones of polymeric origin.

To recapitulate, nanocomposites are combinations of nanoscale substances with at
least one dimension in the nanorange that are arranged in terms of a polymeric matrix,
with the materials being a combination of organic/organic, organic/inorganic, or even
inorganic/inorganic [2]. The textbook definition of nanocomposites has experienced
many changes with the ongoing research and presently, is referred to as those systems
with combinations of varied dimensional materials, mixed with amorphous materials
at the nanoscale [3]. They showcase a multitude of beneficial properties that are
applicable in industries like food packaging, healthcare, purification, etc., but they
still possess the problem of biodegradability which is solved by another sub-class
of these nanomaterials called “bionanocomposites” [4]. These are hybrid substances
that comprise inorganic solids and biopolymers with the most important advantage
being their biodegradability, that is, these green and eco-friendly formulations are
subject to degradation by the action of living organisms in the biosphere, making them
safe for the environment. They are also abundant and renewable, making them an
ideal option over the other existing alternatives. Amidst the magnitude of biopolymers
available, one of the first, most researched, and widely applicable biopolymer is
“chitosan”, obtained from the second most abundant polysaccharide. This compound
is derived after limited or incomplete deacetylation of chitin (Fig. 1), and some of its
multifarious properties are excellent biodegradability, biocompatibility, non-toxicity,
biodistribution, along with significant anti-tumour activity, and such unique and
highly advantageous attributes have a huge scope in oncotherapy, which is explored
in its depth throughout the course of this chapter.

2 Emerging Role of Nanotechnology in Oncotherapy

Throughout the history of scientific research, experts have been looking for the
correct answer to treat one of the deadliest diseases to ever plague mankind, which is
cancer. Extensive research has been going on for years, in search of newer approaches
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Fig. 1 Chitosan isolation and applications in the biomedical domain

for cancer therapy that do not have the disadvantages of conventional methods and
are safer for public use. A promising answer has been discovered in the form of
nanotechnology. Nanoformulations are extremely short in size, their dimensions
ranging between 10 and 1000 nm. Its most utilized form is a “nanoparticle”, which
can be organic or inorganic and can be created from a variety of materials that
provides it with specific and high-yielding properties, that are utilized in cancer
therapy. Nanotechnology can rightly be referred to as the “Science of today”’, owing to
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its tremendous applicability in every field with far better results than the conventional
solutions, and consequently, the area of cancer detection and treatment has seen vast
development in the landscape of nanoscience. Cancer nanotechnology provides a
distinguished approach where it provides a holistic solution and covers areas of
prevention, timely diagnosis, effective therapy, and even precision medicine.

2.1 Nanoparticles: What Are They?

Discovered almost 50 years before by scientist Richard Feynman, who is “The Father
of Nanotechnology”, nanoparticles are reported to be sub-microscopic, ultrafine units
that have the ability to be measured in dimensions of nanometres (nm; 1 nm =
10 m). Its definition was initially proposed in 2008 by the union, International
Organization for Standardization (ISO) as an individual nano-object having all the 3
Cartesian dimensions to not be more than 100 nm. Following this, in the year 2011,
the Commission of the European Union gave its approval to a more-technical and all-
encompassing definition: a natural, incidental, or manufactured material containing
particles, in an unbound state or as an aggregate or as an agglomerate and where for
50% or more of the particles in the number size distribution, one or more external
dimensions are in the size range 1 nm—100 nm [5]. Based on this expression, a
nanoscale object is required to have a minimum of at least one dimension in the
range 1-100 nm so that it can be classified as a nanostructure, even if its remaining
two dimensions are not incorporated in the range specified above.

Nanoparticles have been segregated into numerous types based on a multitude of
reasons like- size, shape, properties of a material, source, etc. A few classifications
bifurcate nanoparticles into nanoparticles of organic and inorganic origin, the former
includes metallic oxide nanoparticles, metallic nanoparticles (gold, silver, silicon,
zinc, copper, etc.), quantum dots, etc., and the latter accounts for nanoparticles made
of polymers like carbon and carbon-based, fullerenes, ceramics, liposomes, micelles,
quantum dots, chitosan, dendrimers, etc. Nanoparticles are able to depict several
distinctive effects and unique properties in different compositions due to their three
major attributes:

1. Possess a high level of mobility when present in the free state.
2. Own exceptionally massive specific areas.
3. Showcase unique quantum effects in a variety of compositions and conditions.

The catalytic, mechanical, and thermal properties of nanoparticles have the
tendency to become altered either by increasing or by decreasing the surface
area/volume ratio, and the new as well as individual properties generated by such
changes allow applications of nanoformulations in a variety of biological fields like
cancer therapy, drug administration, wound healing, diagnostic tests, biosensors,
etc. The nanoparticles of chemically manufactured structures like polysaccharides,
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metals, and other polymers incorporated with active drugs and anti-cancer pharma-
ceuticals like Abraxane, Doxil, DaunoXome, Onyvide, etc., pose a highly efficient,
safe, and targeted treatment for cancer [6, 7].

3 Advantages of Nanoformulations in Cancer Therapy

Nanotechnology is an extremely rapidly emerging field of science with ground-
breaking applications in various areas, especially in medicine. Its most prominent
application is found to be the treatment of cancer mainly because of the following
characteristics of nanoformulations,

(i) Extremely minute size enables them to cross physiological barriers easily and
reach the target size properly,

(ii) Enhanced stability inside anatomic sites of action which in turn increases
the time of action of therapeutic agents adsorbed on the surface of these
nanoformulations,

(iii) Safer as compared to other alternatives as they can reduce the toxicity of
chemotherapeutic drugs when combined with active pharmaceutical ingredi-
ents (APIs)

(iv) Enables targeted mode of action and precision in working due to its bioavail-
ability, etc. [8],

(v) Interaction of nanoparticles does not cause any harm or necrosis to the
physiological constituents of protein and cellulose,

(vi) The presence of targeting ligands on the surface prevents the scattering of the
therapeutic agent in other premises of the body and payloads it on the required
site,

(vii) Biodegradable composition of nanoformulations can be achieved so that
complete removal can be achieved after its action is accomplished

These advantages of nanoformulations can be summarized in the following Fig. 2.

4 What Are Nanocomposites?

A nanocomposite is a multiphase solid substance with one, two, or three proportions
of less than 100 nm in one of the phases, or even structures with nanoscale distances
between the distinct phases that make up the material, nanocomposites are utilized
as building blocks to construct materials with exceptional flexibility and enhance-
ment in physical properties. In a broad sense, this term can refer to porous media,
colloids, gels, and copolymers, although it is most usually associated with the solid
combination of a bulk matrix and a nano-dimensional phase (s) with properties that
differ due to structural and chemical similarities [9].
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Abalone shells and bone structures are examples of nanocomposites found in
natural environments [10]. The application of nanoparticle-rich materials predates
our understanding of their physicochemical properties. Jose-Yacaman et al. looked
into the origins of Maya blue paint’s colour depth and resilience to acids and bio-
corrosion, putting it down to a nanoparticle mechanism [11]. Nanoscale organo-clays
have been employed to control the flow of polymer solutions (e.g. as paint viscosi-
fiers) and the compositions of gels since the mid-1950s (e.g. as a thickening substance
in cosmetics, keeping the preparations in homogeneous form). Ceramic matrix
nanocomposites, metal matrix nanocomposites, polymer matrix nanocomposites,
and magnetic matrix nanocomposites are examples of nanocomposites (Fig. 3).

Because of the extremely high-surface-to-volume ratio of the reinforcing phase,
nanocomposites differ from traditional composite materials in terms of mechan-
ical structure. Particles (e.g. minerals), sheets (e.g. exfoliated clay stacks), or fibres
can be used as reinforcing materials (e.g. carbon nanotubes or electrospun fibres).
In comparison with conventional composite materials, the area of the interphase
between the matrix and reinforcement phase(s) is often an order of magnitude larger.
In the area of reinforcement, the matrix material’s characteristics are considerably
influenced [12]. Due to the vast amount of surface area available for reinforcement,
even a little amount of nanoscale reinforcement can have a significant impact on the
macroscale properties of the composite. Carbon nanotubes, for example, improve
both electrical and thermal conductivity. Other types of nanoparticulate can improve
optical properties, dielectric properties, heat resistance, or mechanical properties
like stiffness, strength, and wear and damage resistance. During processing, the rein-
forcement is generally dispersed into matrices. Because of the low-filler percolation
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Fig. 3 Types of nanocomposites and their basic structure

threshold, the mass fraction of nanoparticles introduced can remain very low (about
0.5-5%), especially for the most commonly used non-spherical, high-aspect ratio
filler (e.g. nanometre-thin platelets, like clays, or nanometre-diameter cylinders, like
carbon nanotubes). The effectiveness of thermal conductivity of nanocomposites is
highly influenced by the orientation and arrangement of asymmetrical nanoparticles,
thermal characteristics that do not match at the interface, interface density per unit
volume at the nanocomposite, and nanoparticle polydispersity.

5 Chitosan: A Versatile Super Polymer in Treating Cancer

Chitosan, being a linear polysaccharide, is polycationic in nature (having a posi-
tive charge at multiple sites) with a composition of B-(1-4)-linked-D-glucosamine in
association with N-acetyl-D-glucosamine, and additionally is a derivative of “chitin”
[13]. This biopolymer is extremely beneficial in the biomedical domain owing to
its remarkable properties which arise as a result of its amino groups, conferring it
anti-cancerous attributes, namely efficient cell permeability, biocompatibility, anti-
angiogenesis, immune enhancement, anti-oxidation, and even apoptotic tendencies
[14]. In general, chitosan exhibits a myriad of unique characteristics that make them
ideal in numerous aspects like hydrophilicity, tunable molecular weight, antimicro-
bial nature, wound healing, anti-virulence, analgesic, haemostatic, and mucoadhesive
behaviour that render them superior to other similar compounds [15-18]. Chitosan
can induce apoptosis in malignant outgrowths by activating specific pathways of
caspase-3 and caspase-8 which results in cell cycle dysfunction and inhibition of
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Fig. 4 Advantages of biopolymer chitosan in cancer theranostics

transcription along with a translation, including disruption of hormonal cascades
[19]. This multifunctional biopolymer also has reported improvement in immunity
by arresting the dividing cells in G,/S phases that in turn downregulate the expression
of caspase-3, resulting in apoptosis (controlled cell death). As mentioned previously,
the amine group of chitosan plays a highly essential role in exhibiting anti-tumour
activity as it expresses cytotoxicity amongst varying malignancies by interacting
directly, for example, owing to its low-molecular weight and high degrees of electro-
static interactions, chitosan adheres to the membranes of cancer cells to aid in their
endocytosis and therefore, stands to be a remarkable delivery vehicle for anti-cancer
drug formulations [20]. The advantageous traits of chitosan, with respect to cancer
therapy, are showcased in Fig. 4.

The functional groups present on chitosan, which are the amine and hydroxyl
groups have the ability to become functionalized and with a variety of chemi-
cals and drugs that lead to chemical alterations resulting in increased solubility of
chitosan-based carriers and even enhanced drug loading capacity. Its unique prop-
erties allow improved binding capacity towards mucosal membranes, resulting in
successful transmucosal delivery, intrapulmonary, and intranasal delivery of thera-
peutic drugs against metastasis, and sometimes even acting as an immunoadjuvant
for immunotherapy against cancer [21].

6 Synthesis and Attributes of Chitosan-Based
Bionanocomposites

Because of the poor solubility of chitosan, a solution of 2 mg/ml in 1% acetic acid was
prepared first. The mixture was gyrated to completely dissolve and kept overnight
before being filtered through 0.22 m Millipore syringe filters to remove any impu-
rities. Metal—chitosan nanocomposites are easy to make; in general, metal nanopar-
ticles are obtained via chemical reduction of metal salts to yield zero-valent metal
nanoparticles with NaBH,. The concentration of NaBH, has to be 10 times higher
than that of the metal salt to enable complete reduction. A 50 1, 20 mM HAuCly,
AgNO;, H,PtClg, or Na,PdCly aqueous solution were mixed with 3 ml, 2.0 mg/ml
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chitosan and stirred for 30 min, after which freshly made aqueous solutions of NaBHy
(501, 0.2 M) were added to the mixture and stirred for another 90 min until the entire
metal salts were reduced [22].

Chitosan-based nanoparticles have been made using solvent evaporation, emul-
sion, diffusion, ionic gelation, coacervation or precipitation, spray dyeing, self-
assembly, and cross-linking. Chitosan/nanometric cellulose composites combine the
properties of chitosan (e.g. biodegradability, antibacterial and antimicrobial activity,
transparency, etc.) with those of nanometric cellulose (e.g. high-surface area, very
good barrier as mechanical properties) to produce composite materials that can be
used in the packaging industry (e.g. food film, paper coatings), the chemical industry
(e.g. catalysts, adsorbents) (e.g. carrier of active substances, filaments) [23, 24].

7 Biomedical Relevance of Chitosan-Based
Nanoformulations

Pharmaceutical formulation and drug delivery systems such as antibiotics, anti-
inflammatory drugs, vaccines, proteins, and peptides are amongst the possible
biomedical applications of chitosan. Antimicrobial applications, gene delivery, gene
therapy, wound healing and burns, regenerative medicine, tissue engineering on bone,
ligament, cartilage, tendon, liver, neural and skin regeneration, cancer applications
(treatment, therapy, diagnostic strategy), dermatology, ophthalmology, dentistry,
biosensors, and many other applications including bioimaging (for example,
magnetic resonance imaging), supporting immobilized enzymes, and veterinary
medicine.

7.1 Antimicrobial Outcomes

Despite brilliant progress in the development of antimicrobial mediums, many infec-
tious diseases are still difficult to treat, due to a lot of reasons such as the rise and
spread of resistant clones, the lack of the antimicrobial bodies, and inadequate phar-
maceutical properties of existent antimicrobial bodies, that sometimes are difficult to
reach active concentrations inside bacterial strains or in some body areas. Chitosan
is a promising biocompatible and biodegradable biopolymer that shows potential
antimicrobial activity [25]. Unlike chitosan, the nanocomposites of chitosan have
been found to exhibit a broad spectrum of antimicrobial activity against various
pathogens (both gram-positive and gram-negative bacteria) [15].

Lavorgna et al. [16] created silver montmorillonite antibacterial nanocomposites
with a chitosan matrix by substituting the natural montmorillonite’s (MMT) Na+
ions with silver ions. They were able to improve mechanical performance, but more
importantly, they demonstrated that after 24 h, pseudomonas aeruginosa acquired a
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considerable delay [26]. Lim et al. also looked into how rGO and CHI nanocompos-
ites affected pseudomonas aeruginosa development. The results demonstrated that
bacterial growth was not reliant on rGO concentration or size, but that a modest
concentration of rGO in the chitosan solution may totally suppress bacterial growth,
resulting in a 100% viability loss [27].

7.2 Anti-Cancer Drugs

Despite incredible advances in medical research, cancer remains one of the leading
causes of mortality worldwide. The foundation of successful cancer management
is accurate diagnosis and tailored treatment strategies. Chitosan and its derivatives
are ideal for cancer diagnosis because their chemical features make them simple to
produce into gels, sponges, membranes, beads, and scaffolds.

The chitosan oligosaccharide-arachidonic acid conjugate has been successfully
produced and used to develop self-assembled nanoparticles for the administration
of doxorubicin [28]. Grafting the targeting function via the thiolation procedure,
for example, RGD (arginine-glycine-aspartic acid) improves selective intratumoural
transport of siRNA packaged in PGD-chitosan nanoparticles (RGD-CH-NPS) and
measures antitumoural activity [29].

A biodegradable polymer-drug combination of doxorubicin conjugated with
stearic-acid-grafted chitosan nanosized oligosaccharide recently demonstrated excel-
lent effectiveness for cellular absorption and tumour growth.

7.3 Drug Delivery Frameworks

Because of non-specific cell targeting and tissue biodispersion, as well as their quick
metabolism and excretion, standard medications are becoming increasingly limited,
resulting in a high need for high-performance solutions [30, 31]. Nanocarriers have
emerged as one of the most promising drug delivery methods due to their ability
to interface with the cell membranes and enter via endocytosis, departing for the
endosomal compartment and releasing medication in cytosolic compartments [32].
Biodegradability and biocompatibility, which are often offered by natural polymers
such as CHI, are the most important prerequisites for creating these systems.

It is less expensive to apply novel distribution methods than it is to develop
new medications. Chitosan nanoparticles were found to be well adjusted towards
nanocarriers used as an antimalarial drug delivery system [33], as a promising drug
delivery system to improve antiviral drugs for the treatment of HIV infection [34],
transformed by folic acid towards targeted drug delivery [35], developed respon-
sive hybrid nanogels by poly(methacrylic acid) for pH-responsive drug release, and
magnetic chitosan nanoparticles used as multifunctional nanocarriers were loaded
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with bleomycin to function as a nanocarrier proved to be effective towards targeting
system [36].

7.4 Tissue Engineering Applications

Tissue engineering is the study of how to use structural and functional relation-
ships in normal and infected tissues to generate biological substitutes that restore
and improve biofunction. Different forms of bone grafts, such as autografts, allo-
grafts, and synthetic bone grafts, were employed for fracture repair in bone tissue
engineering [37]. Autografting is the gold standard for bone repair, but it has several
drawbacks, including limited availability, donor site morbidity, and danger of disease
transmission from donor to recipient [38]. Allografts have some drawbacks, such
as a lack of osteoinduction, the risk of disease transmission, and poor mechanical
qualities. As a result, the development of synthetic bone grafts that overcome these
disadvantages represents a huge demand for bone regeneration, especially through
biomimetic devices with osteoconductive properties.

Biocompatible polysaccharides, such as chitosan-based materials, increase cell
adhesion, proliferation, and differentiation and have been utilized extensively in
orthopaedic tissue engineering [39]. Bone tissue engineering materials [40], cartilage
regeneration [41], and liver and nerve tissue engineering [42] have all been described
using chitosan-based hybrid nanocomposites.

7.5 Wound Healing Applications

Wound healing is a complex series of biologically regulated processes linked to
tissue growth and regeneration. It goes through a variety of stages in which numerous
cellular and matrix components work together to repair the damage and restore the
tissues that have been lost [43]. Chitosan-based nanomaterials have been employed
in a variety of wound healing applications, including composite scaffolds, chitosan-
based sponges, immobilized scaffolds, and drug-loaded scaffolds [44].

Sulfated chitosan has the ability to disrupt the coagulation process. There are
numerous medical applications for this. This chitosan derivative has been proven
to have high-anticoagulant action when compared to heparin. Sulfated chitosan,
unlike heparin, is not known to have antiplatelet activity, which can lead to exces-
sive bleeding in individuals. Pure CHI-based hydrogels with high toughness may be
obtained using, for example, double-network strategies; however, using nanocom-
posites based on CHI matrices is much more general. Considering these features, Lu
et al. reported the use of CHI-PVA/graphene nanofibers, produced by electrospin-
ning, for wound healing applications [45]. The potential of these membranes was
tested on mouse and rabbit skin wounds and found that after five days, the wound area
significantly decreased, and at the end of 10 days, the skin was completely recovered,
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whereas, for membranes lacking graphene, these wound areas still existed. Aguzzi
and co-workers explored the use of CHI/MMT nanocomposites combined with silver
sulfadiazine for the same purpose. They demonstrated a successful loading of the
silver sulfadiazine in the nanocomposite structure, as XRD tests have shown no free
drug in the composite matrix, which revealed that the intercalated nanocomposite
was made by insertion of drug and/or polymer molecules, having a homogeneous
dispersion in the nanocomposite structures [46].

7.6 Gene Therapy and Bioimaging Applications

The transfer of nucleic acids by the cell is at the heart of gene therapy, which
offers the potential to heal a wide range of currently incurable diseases. Chitosan
possesses a number of characteristics that make it an ideal gene delivery system.
Chitosan formulation is simple, as the positive amine group reacts with negatively
charged phosphate groups on the DNA, resulting in increased stability and improved
gene transfer capabilities [47]. Because of its biocompatibility, bioimaging appli-
cations of chitosan nanoparticles are also gaining traction. Imaging agents, such
as Fe;04 for MRI, were incorporated into self-assembled nanoparticles to target
tumour imaging [48]. Nanoparticles containing imaging agents were investigated
for radio-pharmacological and MRI applications [49, 50].

7.7 Biosensing

Biosensing is the detection of target molecules using principles similar to those
utilized by a living system such as the immune system. The main factors to consider
when performing biosensing are detection specificity and sensitivity [S1]. As shown
by Singh and co-workers, CHI/GO nanocomposites have shown the ability to detect
DNA for rapid and sensitive detection of typhoid, using a Salmonella typhi specific
5’-amine labelled single strand (ss) DNA (5'NH2 -ssDNA), covalently bound through
CHI/GO by glutaraldehyde. The developed bioelectrode was able to distinguish
between complementary and non-complementary sequences, which could be owing
in part to the basic properties listed above, but to CHI compatibility, which enhances
the DNA immobility and facilitates electron transfer between DNA and electrode
surface [52].

Song et al. developed a glucose biosensor with cytochrome ¢ and glucose oxidase
entrapped on Au NPs and CHI over a glassy carbon electrode, demonstrating that the
deposition of CHI/Au NPs increased its roughness to 9.5 0.1 nm, which was found to
be critical for achieving a high-surface-to-volume ratio. Furthermore, higher glucose
sensitivity and a lower detection limit were found [53].

Zhang et al. announced the development of a haemoglobin/Au NPs/CHI/graphene
biosensor for hydrogen peroxide detection based on a glassy carbon electrode. The
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electron transport parameters of the biosensor were investigated using electrochem-
ical impedance spectroscopy. The data showed that using haemoglobin, Au NPs, and
graphene improves the electron transfer, reducing the transfer resistance supplied by
CHLI. In addition, a low-detection limit (0.35 wM), good stability (94%) for over one
month, and a high sensitivity (347.1 mA/cm? M) were found for these biosensors
[54].

8 Chitosan-Based Nanocomposites: An Upcoming Domain
in Cancer Diagnosis and Therapy

Bionanocomposites are distinctive, hybrid nanoformulations that possess inherent
properties like biodegradability, biocompatibility, non-toxicity, etc., accompanied
by special structural and functional qualities, owing to their unique composi-
tion of inorganic solids and natural polymers, including the cumulative impact of
green/natural nanofillers that leads to increased sustainability, making them a green
choice. Amongst these, chitosan-based nanocomposites have garnered significant
attention in the arena of biomedical applications because of enhanced chemical,
biological, and physical characteristics in a cost-efficient and eco-friendly manner.
As discussed previously, chitosan has promising functional groups that possess the
ability to interact with a variety of compounds, namely gold, silver, zinc oxide,
copper, zinc oxide, etc., and therefore are attainable as films, hydrogels, beads,
membranes, pervious frameworks, fibrous meshes, and even powdered form. Such
variable chitosan nanocomposites hold a great value in the domain of cancer treatment
and diagnosis owing to their intensified surface area-to-volume ratio, bioavailability,
solubility, active, and specific targeting, reduced systemic damages, a high index of
therapy, and even a greater circulation time within the biological setting [55]. Conse-
quently, chitosan-based bionanocomposites are employed in oncotherapy in multiple
formats like drug delivery systems, induction of apoptosis as well as necrosis, tumour
imaging, biosensing of malignant tissues, photodynamic therapy, etc.

Some of the required abilities of efficient nanocarriers in promising drug delivery
systems are susceptibility towards the light, pH, enzymes, temperature, and even
magnetism that are portrayed by chitosan bionanocomposites after conjugation
with a drug-induced pH-sensitive linker, allowing malignancy disruption. Resul-
tantly, such a difference between the pH of malignant and typical cells allows the
nanocarriers to become even more profitable as compared to other conventional drug
delivery systems [21]. In the subsequent sections, the applications of chitosan-based
bionanocomposites are described in various models for cancer theranostics.

1. Chitosan-based Gold Nanocomposites

These bionanocomposites can be developed for utilization in photothermal
therapy which was created by Zhang et al. [56]. After amplified laser abla-
tion efficiency, such nanocomposites displayed a higher degree of accumulation
on the surface of cancerous growths, when compared to normal healthy cells.
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Additionally, these nanocomposites possessed an increased tendency of selec-
tivity towards malignancies than the normal cells, during photothermal ablation,
which, in this case, involved cell lines of human dermal fibroblast cells/HDF as
well as hepatocellular carcinoma/HepG2. After adherence to the cancer cells,
these components generate a significant amount of heat that is able to destroy
cancerous cells but not healthy ones; therefore, this study proved chitosan-based
gold nanocomposites to have advantages like faster ablation with low-power
near-infrared radiation, accompanied with low dosage.

Apart from this, scientists recently developed gold-chitosan nanoparticle-
based films for rapidly and accurately detecting prostate cancer with the help of a
special prostate-specific antigen, known as a “bio-marker”. This advancement of
an electrochemical immunosensor that resembles a sandwich model reportedly
showcases increased stability, promising biocompatibility, more current response
tendency along with higher electrocatalytic activity [57].

Another example is the development of a localized combinatorial therapy for
delivering anti-cancer drugs with the help of injectable chitosan-hydrogel incor-
porated gold nanocomposites or porous silica nanocomposites, which exhibited
the advantage of a sustained release capacity for doxorubicin hydrochloride under
acidic environment, near the malignant area [58].

Chitosan-based Copper Nanocomposites

The ability to respond to biomarkers is a promising ability with respect to
precisely diagnosing cancer, and this can be done in nanocomposites via func-
tionalization with special molecules that are sensitive to these biomarkers, like
copper. For instance, the diagnosis of prostate cancer is tedious as it requires
the detection of sarcosine biomarkers which is expensive, complex, and time-
taking. To combat this, chitosan-copper nanoparticles conjugated with carbon
nanotubes were probed and characterized to become immobilized by the help
of sarcosine oxidase and their analysis suggested that such biosensors portray
a superior analytical performance with the ability to examine them in real-time
[59]. A similar bioinspired fabrication was applied to chitosan-copper oxide
bionanocomposites that were reported with bioflavonoid rutin. In this case, the
in vitro examinations propounded the concentration-dependent activity regarding
anti-proliferation along with apoptotic induction in the human cancerous cell line
of A549 cells [60].

Chitosan-based Silver Nanocomposites

A vital example of this category is chitosan conjugated with silver and phyco-
erythrin nanocomposites, abbreviated as “CS-Ag-PE-NCs” which have given a
promising result of significant apoptotic activity induction in breast cancer cells
of triple-negative nature. Owing to their internalization by cancerous cells due to
an amplification in the reactive oxygen species (ROS), subsequent activation of
caspase cascades was observed, resulting in the subsequent release of apoptotic
factors that caused mitochondrial-moderated apoptosis in malignancies [61].
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Another instance of chitosan stabilized by Ag nanoparticles was studied to
give vital evidence in inducing apoptosis in cancer cells of HT-29 cell line, along
with increased production of ROS intracellularly, which stimulated the required
caspase signalling cascades needed for apoptotic induction [62].

Comparably, their usage against A549 lung carcinoma cell line and Salmonella
sp. also shows similar action of ROS production to induce apoptosis with addi-
tional cytotoxic activity against A549 cells as a result of green synthesis along
with inhibition of associated pathogen, Mycobacterium tuberculosis [63]. After
morphogenic analysis of A549 carcinomic cells, following treatment with this
nanocomposite indicated a concentration-dependent downfall in the capacity of
adherence in tumour cells when compared with normal cells, accompanying a
shape of round cells in carcinoma tissue in contrast with a normal polygonal
occurrence in WI 38 cells.

Chitosan-based Iron Oxide Nanocomposites

The anti-cancerous qualities of iron oxide chitosan bionanocomposites were orig-
inally examined in vitro against HepG2 cell line, as a result of enhanced cyto-
toxicity in tumour cells because of iron oxide incorporation [64]. Their incorpo-
ration also reported the activity of chitosan as a chelating agent towards metal
ions causing a rise in the occurrence of hydroxyl and amino groups that were
speculated to be involved in anti-cancerous outcomes due to free radical scav-
enging. Additionally, these iron oxide-based chitosan nanocomposites have given
evidence of their activity against malignancies as well as multi-drug resistance
in pathogens [65]. Another indication of apoptosis in nanocomposite treated
A549 carcinoma cell line was observed to be fragmentation in nuclear material
accompanied by nuclear condensation.

Chitosan-based Graphene Oxide Nanocomposites

The nanocomposites functionalized with graphene oxide have reported a good
yield of delivery of the anti-cancerous drug, doxorubicin hydrochloride, due to
their internalization inside the MCF-7 cells causing the successive release of
doxorubicin to kill tumorigenesis [66]. Moreover, the conjugation of iron oxide
with chitosan nanocomposites also renders them more soluble in the biological
environment and also reduces the binding of proteins of non-specific nature in
the physiological setting.

The modelling of 5-fluorouracil-loaded chitosan-graphene oxide
bionanocomposites along with curcumin was employed in treating HT-29
colon cancer cell lines [67]. Besides this, polyelectrolytic chitosan nanocom-
posites conjugated with graphene oxide were developed recently for achieving
targeted drug delivery of doxorubicin and its proper loading in the polymeric
matrix along with controlled release was examined in HeLa cells [68].
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6.

Chitosan-based Zinc Oxide Nanocomposites

A potent anti-cancer and antimicrobial activity has been studied in polypyrrole-
grafted ZnO/chitosan nanocomposites that were synthesized in situ. The created
structure was observed to have the ability to induce apoptosis in the cell line of
cervical cancer, studied in HeLa cells, and even breast cancer which was studied
in MCF-7 cells [69].

Chitosan-based Magnetic Nanocomposites

The synthesis of folic acid-based magnetic nanocomposites conjugated with
chitosan has proven to show targeted tumour imaging [70]. Selective toxicity
against tumorigenesis was exhibited by these drug-loaded nanocomposites which
were coupled with controlled drug release and extremely sensitive selection
of cancerous cells in acidic pH, making them suitable for breast cancer treat-
ment. Besides this, magnetic resonance imaging studies done in vivo and in vitro
displayed an enhanced negative signal in the malignancy, confirming the MRI
contrast performance.

Chitosan-based Carbon Nanocomposites

Multiwalled carbon nanotubes coated with chitosan/silver and enveloped with
5-fluorouracil were formulated and analyzed to exhibit cytotoxicity against the
cancerous cell line of MCF-7 with reported sustained release of anti-cancerous
drug formulations against the same cell line [71].

Other Chitosan-based Nanocomposites

Photothermal ablation of tumorigenesis via photoacoustic imaging was seen
in polypyrrole-based chitosan bionanocomposites with the results showing
complete healing of mice tumour with dual treatment of nanocomposites and
NIR 808 nm laser [72]. Moreover, the viability of breast carcinoma cells,
namely MDA-MB-231, was lessened due to the photothermal effect of these
nanocomposites. Apart from this, in vivo photodynamic therapy and targeted
drug release done by involving near-infrared radiation achieved by graphene
oxide nanocomposites have also been reported [73].

Colon cancer treatment has been reported in celecoxib-loaded chitosan
nanocomposites based on hydroxyapatite, with their in vitro analysis showing
a time-dependent take-up of nanocomposite in HT-29 and HCT-15 cancerous
cell line succeeded by apoptosis and anti-proliferation, observed during in vivo
studies in mice [74].

Some major applications of chitosan-based bionanocomposites are listed in

Table 1.
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9 Concluding Remarks and Future Perspective

Cancer is the second-largest contributor to the global disease burden and novel
studies, and research on domains like nanocomposites and chitosan is the need of
the hour so that this enfeebling malady can be cured of its core. The unique and
outstanding properties of chitosan, namely biocompatibility, chemical receptivity,
and anti-inflammatory and non-toxic nature, are especially beneficial in exhibiting
anti-malignant behaviour. Chitosan-based nanocomposites derived from combining
organic/inorganic nanoformulations with chitosan biopolymers have exhibited their
enormous potential in numerous fields ranging from food packaging, material
science, and water purification to mainstream biomedicine, especially oncotherapy.

The anti-tumour efficacy shown by chitosan-based nanocomposites shows precise
diagnostic methods, preventive measures, treatment strategies, and personalized
medicine through efficient drug delivery systems, biosensors, gene delivery systems,
phototherapy agents, and other theragnostic instruments that have proven their
remarkable potential in cancer diagnosis and treatment. The most promising outcome
of chitosan bionanocomposites is their ability to provide target-specific drug deliv-
eries that abstain from negatively influencing the usual healthy tissues around the
target site.

However, there are still many challenges faced by developed bionanocomposites
that have clinical applications in cancer with respect to toxicity-related issues, the
specific underlying mechanism of treatment, and other complications. Thus, there is
an urgent need to critically examine and study these revolutionary structures in the
field of oncotherapy along with toxicological surveys, molecular medicine, clinical
trials, and antibody generation so as to transform the clinical landscape in the future
of cancer therapeutics as well as diagnostics.
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Chapter 8 M)
An Overview of the Application ek
of Chitosan-Based Nanocomposites

in Bioimaging

Ishita Chakraborty, Sharmila Sajankila Nadumane, Rajib Biswas,
and Nirmal Mazumder

Abstract Bioimaging methods are used to visualize biological samples and
processes in real-time non-invasively. Chitosan is conjugated with other materials to
form chitosan composites and is used in bioimaging due to its outstanding biodegrad-
ability and non-toxic nature. Chitosan-based nanocomposites are applied for cancer
and tumour diagnosis through various imaging techniques based on fluorescence,
ultrasound, photoacoustic, magnetic resonance imaging etc. The chapter discusses
the applications, strengths, and limitations of chitosan-based nanocomposites in
bioimaging techniques for diagnosis of various types of cancer.

Keywords Chitosan nanocomposites *+ Bioimaging + Optical imaging - Ultrasound
imaging + Magnetic resonance imaging - Computer tomography
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BMP-2 Bone morphogenetic protein 2

CA 5-Cholanic acid

CNP Chitosan nanoparticles

Echo-CNPs  Echogenic CNPs
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MRI Magnetic resonance imaging

PAI Photoacoustic imaging
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PTT Photothermal therapy
QNC Quercetin nanocomposites
ROI Region of interest

1 Introduction

Chitosan is comprised of B-(1 — 4)-linked d-glucosamine (deacetylated unit) and
N-acetyl-d-glucosamine (acetylated unit) after being deacetylated from chitin [5].
Chitosan possesses chelation properties and can selectively bind to metal ions and
biomolecules like proteins, cholesterol, and tumour cells [14]. Due to this prop-
erty, it is extensively used in various fields of biomedical research. It works as
a tumour inhibitor, antimicrobial agent, wound-healing agent, and immunostimu-
lant. Nanobiocomposites are hybrid systems composed of a biopolymer strength-
ened by introducing nanostructures [6]. Recently, chitosan-based nanocomposites
have surfaced, which enhance specific properties such as mechanical, physical, and
thermal stability of chitosan. Chitosan nanocomposites are usually formed between
chitosan and metal, carbon, and other polymers via physical or chemical interactions
[19] and are being majorly used in drug delivery and bioimaging. Several tech-
niques exist for in vitro and in vivo imaging biological specimens [17] including
computer tomography and magnetic resonance imaging. However, all imaging tech-
niques have their pros and cons. The imaging technique should be selected based
on the properties of the biological sample, and sensitivity resolution, complexity,
and data acquisition of the imaging technique. The present chapter discusses the
implementation of chitosan nanocomposites in the field of bioimaging.

2 Chitosan Nanoparticles in Bioimaging
2.1 Optical Imaging

Biological optical imaging works on forming an image by controlling the excita-
tion and emitting signals originating from the interaction of light and the sample.
However, recent challenges in cancer therapy and diagnosis include the lack of
imaging agents with specific targets to tumour sites. Recently, 5-cholanic acid (CA)
was used to chemically modify chitosan and synthesize amphiphilic glycol chitosan-
5-cholanic acid conjugates (GC-CA) with Cy5.5 dye for optical imaging. It was
revealed that the chitosan nanocomposites were easily taken up, localized, and
distributed in the target cell upon administration into the mice tumour. The devel-
oped nanocomposite systems proved to be potential contrast agents for optical and
non-optical imaging methods [16].
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Further, chitosan nanoparticles (CNPs) were synthesized using glycol and exhib-
ited the ability to specifically target tumours. CNPs labelled with Cy5.5 were used
for in vivo imaging. It was revealed that CNPs had an excellent affinity for brain
and liver tumours, and metastasis tumour models [15]. Glutaraldehyde was used
as a crosslinking agent for magnetic nanoparticles and quantum dots conjugated to
the chitosan matrix. The developed nanocomposites exhibited both fluorescent and
magnetic properties along with in vitro good stability. Therefore, they have the poten-
tial to function as optical and magnetic resonance imaging agents [3]. Atherosclerotic
lesions were imaged using probes synthesized by combining atherosclerotic peptide
and modified glycol chitosan. The synthesized nanocomposites were again labelled
with CyS5.5. The designed nanocomposites were utilized to illuminate pathophys-
iological changes in the atherosclerotic endothelium. Similarly, to image cells, a
fluorescent and magnetic nanoparticle was coated with modified chitosan which was
labelled with a fluorescent dye. Fluorescence and electron microscopy revealed that
the magnetic particles were lodged in cell (SMMC-7721) interior and exterior [18].

2.2 Ultrasound Imaging

Nanosized contrast agents are instrumental to enhance the identification, sensitivity,
and quantification through ultrasound imaging. It is based on linear imaging, where
an ultrasonic pulse passing through the tissues produces nonlinear propagation and
nonlinear vibration to give rise to a nonlinear acoustic signal [23]. Echogenic CNPs
(Echo-CNPs) were synthesized and targeted in non-invasive ultrasound imaging
for cancer diagnosis in vivo. Echo-CNPs exhibited a strong ultrasound signal that
persisted for 120 min, with an echogenicity half-life of 49 min. Tumour-targeted ultra-
sound imaging was studied by intravenously injecting the Echo-CNPs into SCC 7
tumour-bearing mice. Post injecting, a bright echo signal was observed in ultrasound
imaging, suggesting an accumulation of echo-CNPs in the tumour [13].

2.3 Magnetic Resonance Imaging (MRI)

MRI utilizes a magnetic field and radio waves to create comprehensive images of
biological samples. Contrast agents are essential for MRI and paramagnetic materials
offer boosted contrast by modifying the magnetic environment. These paramagnetic
contrasting agents belong to the lanthanide and transition metal series. Recently, gold-
coated Fe;O4 nanoparticles stabilized by chitosan were synthesized and used as MRI
contrast agents. In several cases, superparamagnetic iron oxide nanocrystals have
also been broadly utilized in MRI [1]. Further, nanoparticles cated with chitosan
derivatives were also used as contrast agents for in vivo imaging of BALB/c mouse
model through fluorescent imaging and MRI. The nanoparticles were taken up by
the livers, which enhanced the MRI contrast [8].
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The results indicate these chitosan nanocomposites may be potentially used for
imaging various organs. It was reported that synthesized (carboxymethyl) chitosan
(CMCS)-coated nanocomposites were used to visualize human mesenchymal stem
cells (hMSCs) using MRI. The carboxymethylation reaction increases the water
solubility of chitosan resulting in better dispersion of the nanoconjugates in aqueous
media. The cells labelled with CMCS-coated nanocomposites exhibited high contrast
in an aqueous agarose medium [20]. Further, iron oxide nanoparticles stabilized by
a chitosan coating were synthesized by the co-precipitation method and character-
ized by MRI (Fig. 1). The relaxation times of the nanoparticles were measured
by MRI and it revealed that the relaxation rate (R) and relaxivity (r) were: =
0713 mM~! 57!, =238.16 mM~! s7!, and = 276.1 mM~! s~!. An obtained high
r2/r1 ratio (334) implied that nanocomposites exhibited a substantial prevailing effect
on the transversal relaxation time in contrast to the longitudinal relaxation time
[9]. Quercetin is a hydrophobic bioflavonoid that exhibits anti-cancer properties.
Recently, in a study, quercetin nanocomposites (QNC) were synthesized from iron-
gold nanoparticles, coated with oleyl chitosan, conjugated with folic acid and then
loaded with quercetin. The synthesized nanocomposites were used as dual contrast
agents for computer tomography (CT) and MRI. Fluorescence images of QNC-
treated cancer cell lines are displayed in Fig. 2, indicating the efficacy of QNC as
contrast agents for biomedical imaging techniques such as MRI and CT, respectively,

[4].

2.4 Computed Tomographic Imaging

Computed tomography is a 3-dimensional (3D) non-destructive imaging technique
that uses X-rays to scan a biological sample slice by slice. The X-rays are passed
through the sample are used to record a 2-D projection image. Several 2-dimensional
images are stacked up to create a final 3D-image [11]. Chitosan-coated tungsten
trioxide nanoparticles were synthesized to be used as an efficient contrasting agent
for X-ray tomography. Chitosan coating to tungsten trioxide nanoparticles reduced
the toxicity and exhibited no significant reduction in cell survival.

In astudy conducted, -N,6-O-sulfated chitosan/calcium phosphate nanocomposite
hydrogels were loaded with bone morphogenetic protein 2 (BMP-2) intended for
bone defect regeneration in rabbits with improved vascularisation. Figure 3a (i) shows
micro-computed tomography images of new bone (NB) and was used to examine
the blood vessel formation [2]. Jiang et al., synthesized nano-hydroxyapatite inte-
grated into chitosan and cellulose intended for bone regeneration study (Fig. 3b). In
vivo experiments with New Zealand white rabbits demonstrated enhanced infiltration
of chitosan based nanocomposites into bone tissues. The optical images of hema-
toxylin and eosin-stained histological tissue sections verified that the nanocomposite
is suitable for imaging bone regeneration [7].



8 An Overview of the Application of Chitosan-Based Nanocomposites ... 193

Fig. 1 Longitudinal (a, b) and Transversal (c—f) relaxation time mapping of chitosan-stabilized
magnetite nanoparticles with T1, T2 and T2*—mapping MGE pulse sequence. a Signal intensity,
b Relaxation time T1 mapm, ¢ Signal intensity, and d Relaxation time T2 map acquired with T2-
mapping MSME pulse sequence, e Signal intensity, and f Relaxation time T2 *map acquired with
T2 * -mapping MSME pulse sequence. [9] Reproduced from Khmara et al. with permission from
Elsevier
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NIH 373 cells MDA-MB-231 cells

Fig. 2 Fluorescence imaging of cancer cell lines NIH 3T3, and MDA-MB-231 using calcein.
Reproduced from [22] with permission from Elsevier

2.5 Photoacoustic Imaging (PAI)

PAI is also a non-invasive biomedical imaging technique, where ultrasonic waves
are used to irradiate the biological sample with a pulsed laser and the image is
reconstructed based on light energy absorption and distribution in the sample [21].
Photothermal therapy (PTT) and PAI were combined for the treatment of breast
cancer. This technology is preferred since it is invasive, does not damage non-
targeted areas, and at the same time can be used for breast cancer imaging [10]. A
biocompatible chitosan-polypyrrole nanocomposite was developed for PAI-guided
photothermal ablation of cancer owing to its various properties including strong
near-infrared (NIR) absorbance. The nanocomposites exhibited great biocompati-
bility and can be utilized in PTT of cancer cells under 808-nm NIR laser irradiation
[12].
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Fig. 3 A (i) X-ray radiographic and corresponding 3-D reconstructed micro-computed tomographic
(LCT) images of spiral-cylindrical chitosan/cellulose-based scaffolds placed in a concave defect in
rabbits post implantation. (ii) H & E stained histopathological images of nanocomposite scaffolds
implanted in rabbits exhibiting bone marrow formation. HB: host bone, BM: bone marrow, NB:
new bone, FT: fibrotic tissue, and M: scaffold. Reproduced from [7] with permission from Amer-
ican Chemical Society. B (i) 3-D pwCT images of two different regions of interest (ROI) in rabbits
implanted with various 2-N, 6-O-sulfated chitosan-based nanocomposite sponges. (ii) Quantifica-
tion and comparison of bone mineral content and blood vessel volume. Reproduced from [2] with
permission from Elsevier

3 Conclusion

Nanocomposites of chitosan are unique materials proving their as a potent contrast
agent in several advanced bioimaging techniques including magnetic resonance
imaging, ultrasound imaging, computer tomography, and photoacoustic imaging. The
amino and hydroxyl groups present in chitosan provide a way for reaction with
organic functional molecules. Use of chitosan based nanocomposites are non toxic
and improve the stability of the nanocomposites themselves.
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Chapter 9 M)
Chitosan-Based Nanocomposites ekl
as Remarkably Effectual Wound Healing
Agents

Sneha Vijayan, Shikha Gulati, Tanu Sahu, Meenakshi, and Sanjay Kumar

Abstract In recent years, chitosan (CS), the second-most abundant biopolymer on
earth, obtained by deacetylation of chitin, has garnered significant attention for its
immense potential in accelerating the wound healing process. Some of its outstanding
virtues such as biocompatibility, easy degradation, ability to promote collagen depo-
sition, low cost, and non-toxic nature, combined with its antimicrobial and anti-
inflammatory properties when coupled with nanomaterials like magnetic nanopar-
ticles, render chitosan-based nanocomposites as effectual candidates in the process
of wound healing. In this chapter, we briefly describe the processing techniques of
chitosan-based nanocomposites, and their application as wound healing agents has
been expounded. Further, significant emphasis has been given to the properties of
these nanocomposites favoring the wound repair process as well as the mechanism
and effects on wounds.

Keywords Chitosan - Chitosan-based nanocomposites - Wound healing + Wound
repair
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IL-4 Interleukin 4

IL-6 Interleukin 6

L-b-L Layer-by-layer

MIC Minimum Inhibitory Concentrations

MNPs Metal nanoparticles

MRSA  Methicillin-resistant Staphylococcus aureus
NPs Nanoparticles

OCNP  Drug Interaction Oral Contraceptive pill
PAA Polyacrylic acid

PECs Polyelectrolyte complexes

PLGA Poly D,L-lactic-co-glycolic acid

PVA Poly Vinyl Alcohol

PVA Polyvinyl alcohol

RNA Ribonucleic acid

ROS Reactive Oxygen Species

SEM Scanning Electron Microscope

TGF-B1 Transforming growth factor beta
TNF-o¢  Tumour Necrosis Factor alpha

VEGF Vascular endothelial growth factor

1 Introduction

The largest exterior organ of the human body is the skin and it protects the body
from mechanical harm and microbial invasion. Skin wounds are a common compli-
cation of soreness, incision, scolding, grazing, and additional types of wounding [1].
The healing of the skin is a physiological process that is influenced by a variety of
circumstances which can be sped up by using the right wound treatment. A skin
wound can be deep or shallow, depending on the severity of the injury [2]. Natural
or synthetic materials are used to create traditional dressings which are used to treat
wounds. Previously, the major purpose of dressings was to keep the wound dry by
allowing fluids to evaporate besides averting hazardous bacteria from entering the
wound. Nevertheless, with the passage of time, this viewpoint has evolved. Today,
an ideal dressing should aim to provide optimum hydration, speed up the healing
procedure, absorb a lot of exudates, and avert a second injury that could be caused
by infiltration of tissue surrounding the wound.

An ideal dressing should have the following features: (1) be non-toxic and non-
irritating, (2) biode in vivo can dim, (3) outstanding antibacterial qualities to prevent
wound infection, (4) fine humidity, (5) enough mechanical resistance to avoid wrin-
kles [3, 4]. Polymers that are derived from nature, namely, polysaccharide polymers
(such as in the form of hyaluronic acid, hydrogels, saccharin, cellulose, chitosan)
and polypeptides derived from nature (for example, keratin, gelatin, silk fibroin, and
collagen), have been extensively used as cure medium.
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This chapter focuses on chitosan (CS), the world’s second-most abundant polysac-
charide present in nature. Chitosan is a polyaminosaccharide that is made by depro-
teinizing and deacetylating chitin in a basic media. It is the world’s second-largest
biopolymer, obtained from biotic systems such as plants, insects, and crustaceans
[5]. Chitosan, among other biomaterials, has attracted much attention due to its
availability, and adaptability, along with special properties such as curative effects,
intrinsic antibacterial properties, non-toxicity, and biodegradability. In addition, once
chitosan is broken down, it will eventually be absorbed by human tissues. Thus,
many of these characteristics make it an excellent candidate for a wide range of
biomedical uses, including surgical procedures, wound healing, drug delivery vehi-
cles, tissue engineering, etc. [6]. Derived from natural sources, chitin, the antecedent
of the chitosan, has restricted applications because of its least dissolvability in
water and nonaqueous solvents, while chitosan has dissolvability in the majority
of the natural solvents which upgrades the usefulness and demonstrates better than
chitin. Therefore, chitosan is broadly utilized in the clinical field because of its high
biocompatibility, biodegradability, adaptability, and microbial action.

2 Chemical Transformation of Chitin to Chitosan

Chitin lacks suitability for practical applications due to many reasons, including
insolubility in different organic and aqueous solvents, impediments in selective
substitution, and use of harsh reaction conditions which often result in degradation
of the products [7]. These limitations are overcome by employing chitosan, which
provides an effortless modification of C2 carbon (Fig. 9.1). The transformed forms
of chitosan are generally in use more than the unmodified form. Chitosan can be
chemically modified by the introduction of new selective groups or polymers to the
chitosan backbone. The reacting sites on the chitosan backbone are the amino group
and the two hydroxyl groups. Chitosan can function as a nucleophile in reaction
with aldehydes to form imines [8]. This is because the non-bonding pair of electrons
on the amino group acts as electron-acceptors. Various chemical modifications such
as nitration, sulphonation, carboxylation, and phosphorylation can be carried out to
obtain chitosan derivatives, intended for different applications.
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Fig. 9.1 Chemical conversion of chitin to chitosan
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3 Processing Techniques for Synthesis of Chitosan-Based
Nanocomposites

The two main features responsible for the effective production of nanocompos-
ites are the large specific interfacial area and well-controlled stress transmission
across the contact. The first feature is important when it comes to the properties of
nanocomposites.

Chitosan is a notable naturally occurring polymer that has a wide range of uses
in wound dressings, medication delivery, adhesives, antioxidants, biosensing, food
packaging, films, and pharmaceuticals due to qualities like antibacterial and biocom-
patible, biodegradable, easy to use, non-toxic, and environmentally friendly. Because
of its antimicrobial, antioxidant, and antibacterial characteristics, CS is ideal for
wound treatment and tissue engineering. CS nanocomposites can be made in a variety
of ways [9-11].

3.1 Mechanical Stirring

Physically mixing two or more polymers prior to scaffold fabrication is a straight-
forward way of generating polymeric composite scaffolds. Due to a paucity of
co-solvents that can accept both polymers, forming a single homogenous phase
containing chitosan and artificial polymer like polyester is problematic. In solution
to this problem, Mechanical stirring can be used. A magnetic stirrer, also known as
a magnetic mixer, is a laboratory instrument that employs a rotating magnetic field
to rapidly rotate a stirrer immersed in a liquid, causing the rod to stir. A revolving
magnet or a fixed pair of electromagnets installed below the liquid reservoir can
be used to generate the rotary field. In one investigation, this technique was used
to produce a homogeneous suspension of crushed chitosan microparticles in PLGA
solution in methylene chloride. Then, using solvent evaporation, composite chitosan—
PLGA microspheres were created, and the microspheres were fused to form scaffolds
[10, 12].

3.2 Solvent Casting

It is the simplest technique used to prepare films using nanocomposites. The appli-
cability of this technology is due to the lack of expensive equipment such as freeze
dryers or excessive processing temperatures. In this technique, there are three steps
to synthesize polymer nanocomposites. Mechanical stirring or ultrasonic waves are
used to dissolve or disperse the polymer in a suitable volatile solvent. Then, using
a petri dish or aluminum foil as a casting surface, pour the mixture into the mold.
Finally, the solvent is allowed to evaporate naturally or in an air-drying oven, resulting
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indry films. After drying, the film can be removed off flat surfaces. The material with
the best mechanical performance will come from this gradual casting/evaporation
process. This is due to Brownian motion in the suspension or solution, which allows
the nanoparticles to rearrange themselves during slow water evaporation. As a result,
they have more time to interact and link with one another, producing a percolating
network that supports their self-reinforcing impact. Many researchers have used this
low-cost, easy-to-use method to create chitosan nanocomposite films and membranes
with different nanomaterials [10, 13, 14].

3.3 Freeze-Drying

Freeze drying also referred to as lyophilization or cryodesiccation, is a dehydration
technique in which the product’s water is frozen and then vaporized. The freeze-
drying method has three steps: freezing, primary drying, and secondary drying. In
the freezing phase, the temperature of the sample is lowered until the crystallization
of the ice crystals begins, after which the ice crystal increases. As a result, most of
the water (in the form of ice crystals) is separated from the dissolved phase, which
is concentrated with a small amount of water. Sublimation removes crystalline ice
formed during the first step. As a result, the chamber pressure drops much below the
ice vapor pressure and the shelf temperature rises to compensate for the heat lost due
to ice sublimation. At the end of the primary drying step, the sample may still contain
about 20% non-frozen water in the concentrated solute step, which is desorbed in
the secondary drying step, usually at high temperature and low pressure, to get the
desired minimum moisture content of the final product. In freeze-drying methods, the
freezing step is important. Many investigations have shown that the freezing stage has
a significant impact on the final freeze-dried product’s quality and morphology. In the
context of chitosan-based composites, non-woven fibrous materials, such as sponges
and foams can be prepared using the same freeze-drying mechanism. By forming a
complex of polyelectrolytes (PEC), a stable dilute dispersion of the chitosan-based
material in a solution can be obtained, which is then frozen at a high rate of cooling by
immersion in liquid nitrogen (or cryogenic freezer), followed by drying. Therefore,
the formation of PEC dispersions in solution is essential for the preparation of non-
woven materials of nanofiber or microfiber based on chitosan, which promotes the
absorption of exudates and prevents the penetration of bacteria to promote wound
healing [15].

3.4 Layer-By-Layer Assembly

Layer-by-layer (L-b-L) assembly is a one-of-a-kind process for producing multilayer
thin films with nanoscale precision and polymeric nanocomposites such as Chitosan.
In this method, polycations and polyanions are alternately adsorbed on the substrate,
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and the surface charge is reversed after each layer is precipitated. Catalysis, drug
delivery, wound healing, electrochemical detection, and biodetection are just some
of the applications of L-b-L films. Electrostatic contact between polyelectrolytes is a
major driving factor, complemented by hydrogen bonding, hydrophobic interactions,
and charge exchange. Each adsorption phase involves a charge reversal, and the
excess charge remains at the surface, favoring additional adsorption in subsequent
steps. The key advantages of the L-b-L approach are its simplicity, independence from
substrate size and form, low polymer requirement, and ease of production. Catalysis,
biosensing, light-emitting diodes, wound healing agents, selective membranes, and
drug delivery are just a few of the fields where it can be used because of its relative
ease of production and control over many substrates [16].

3.5 Electrospinning

Nanofiber technology has recently gotten a lot of attention from researchers all over
the world. Various polymer nanoparticles can have a wide range of properties, which
can be further enhanced by immersing the nanofibers in a solution of additional nano-
materials or by directly binding the nanomaterials to the solution of a base polymer.
Compared to other processes to date, electrospinning is the most sophisticated and
simple method to generate and propagate homogeneous nanofibers in the nm-pm
length range. It is possible to create thin, dense lines, specially designed by certain
polymeric fibers directly from the solution in the presence of large electric fields.
Furthermore, the end product’s shape, porosity, and content may be adjusted with
comparatively simple equipment. Normally, between the polymer solution and the
collector, an electric field is formed which creates an internal pushing force that
causes the generation of nanoparticles in the polymer solution. The most prevalent
electrospinning processes are dry electrospinning, wet electrospinning, and coaxial
electrospinning. During dry spinning, a volatile solvent is used to dissolve the treated
polymer and evaporate as the fiber is spun over the collector. In wet spinning, a non-
volatile solvent is used to dissolve the polymer, while the second solvent is used
as a collector. This second collector solvent removes the non-volatile solvent from
the polymer, resulting in pure nanofibers. Coaxial spinning is not the same as the
other two processes. The production of core—shell-based nanofibers is done using
this method. At the same time, two distinct materials are spun. The fabrication of
nanocomposites for wound disinfection, medical implants, scaffolds, and cleaning of
environmental pollutants has been extensively explored using this simple and cost-
effective technology. However, producing high yields and high-quality fibers from
a discrete CS solution is a difficult task. This is mainly due to the relatively rigid
structure of the CS chain, which does not support the tension needed to create the
Taylor cone, leading to the formation of nanofibers. This problem can be solved by
adding neutral salts or by using other plasticizers that reduce the electrostatic bond
between the polyelectrolyte molecules, which leads to a lower critical concentration
for electrospinning [10].
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Moreover, electrospinning produces non-woven nanofibers with large surface
areas and tiny pores for wound healing. These qualities promote wound healing
by absorbing exudate and preventing the invasion of bacteria.

4 Effects and Action of Chitosan on Skin Wound

The process of wound healing comprises four major phases, namely, hemostasis,
inflammation, proliferation, and skin remodeling. In the initial stage, the coagulation
system gets activated following the constriction of blood vessels and aggregation
of platelets. Fibrinogen is converted into insoluble fibrin which ceases bleeding by
forming clots. Herein, chitosan induces the aggregation of platelets and red blood
cells (erythrocytes), thereby stopping the loss of blood. Further, chitosan prevents the
breakdown or dissolution of fibrin by plasmin, i.e., fibrinolysis. The inflammatory
cells augmented by chitosan help clear bacteria and necrotic tissue from the wound in
the inflammation phase. In the subsequent stage, chitosan quickens the proliferation
of epithelial cells to produce the epithelial tissue which covers the wound. The funda-
mental role of chitosan in this stage is to stimulate the growth of granulation tissue,
which fills the gaps in the epithelial tissue. In the ultimate stage of skin remodeling,
chitosan doesn’t play any significant role. This stage defines the completion of the
wound repair process and is marked by the regeneration of the new epidermis and
dermis.

5 Properties of Chitosan

5.1 Antibacterial Property

Chitosan is a potent antibacterial agent which can be ascribed to its cationic nature
and its activity was observed against various other microorganisms such as fungi and
algae [17]. An antimicrobial agent destroys microorganisms or prevents them from
growing. Edible films can be obtained from chitosan as it is a non-toxic antimicrobial
biofilm. These antibacterial effects are regulated by intrinsic factors, such as chitosan
variety, degree of chitosan polymerization, host, natural nutritional composition or
chemical nutritional composition of the substrate, and environmental conditions.

5.1.1 Antibacterial Mechanism

Coagulation, hemostasis, inflammation, granulation tissue development, angiogen-
esis, and re-epithelialization are all complex healing mechanisms that occur in wound
skin. The wound’s moist, the nutrient-rich environment creates ideal circumstances
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for bacterial development. As a result, wounds have antibacterial qualities. Dress-
ings should be taken into consideration. Chitosan is a kind of chitin that is commonly
used. Because of its strong antibacterial properties, it is used to treat wounds [18].

e Cell Wall and Cell Disruption

According to the gram staining results, cell wall bacteria can be classified into
gram-positive bacteria and gram-negative bacteria. Gram-negative bacteria have a
peptidoglycan layer along with the outer membrane in their cell wall (Fig. 9.2A).
Two asymmetric monolayers make up the outer membrane. Only phospholipids are
present in the inner layer, while the outer layer contains both phospholipids and
lipopolysaccharides. The gram-negative bacteria are negatively charged because of
the pyrophosphate and phosphate groups of lipopolysaccharides in the outer layer.
Teichoic acids and peptidoglycans make up the cell wall of gram-positive bacteria
(Fig. 9.2B). Due to the presence of phosphate and carboxyl groups of teichoic acids,
the surface of gram-positive bacteria is positively charged. The NH, groups are proto-
nated to —NHj*cations [19], when chitosan of high molecular weight is dissolved in
acidic aqueous solutions. Figure 9.2A(a) shows the electrostatic interaction between
lipopolysaccharides and NH3* on the cell membrane of gram-negative bacteria,
while Fig. 9.2B(a) shows the electrostatic interaction between lipopolysaccharides
and teichoic acid on the cell membrane of gram-positive bacteria, which causes an
unequal distribution of negative charge for bacteria. As aresult, there is a discrepancy
between cell wall synthesis and cell wall degradation. Under unsustainable osmotic
pressure, the bacterial cell membrane deforms and ruptures, resulting in cell content
leakage and, in the end, cell lysis. The leaking indicates that the cell membrane has
been disrupted.
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Fig. 9.2 Chitosan’s antibacterial mechanism opposes gram-negative (A) and gram-positive bacteria
(B) a The cell membrane is disrupted by electrostatic interaction between chitosan and lipopolysac-
charides (or teichoic acid), allowing chitosan to permeate further into the cell. b Chitosan chelates
divalent cations, reducing the outer membrane’s stability. ¢ Chitosan inside the cell can hinder
DNA/RNA and protein production as well as the hinder proliferation of gram-negative bacteria. d
Gram-negative bacteria’s metabolism is hampered by the deposition of the high molecular weight
of chitosan on their surfaces
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Cell layer disturbance can be concluded by the spillage of particles like K,
PO,?~ and macromolecules like DNA also, RNA that are identified by solid UV
retention at a frequency of 260 nm. After 5 min of contact between oleoyl chitosan
and Staphylococcus aureus (S. aureus), an absorption peak was observed at 260 nm
[20]. The after-effects of SEM perception uncovered that after 30 min of contact,
chitosan atoms adhered to the outer layer of Escherichia coli (E. coli) and S. aureus,
and cell content spillage was noticed for both bacterial strains [18].

e Chelating metallic cations

Bacteria’s membrane structure can be stabilized by divalent cations. The GNB-
OM model was designed by Clifton [21] to examine the stabilizing effect of divalent
cations. The findings revealed that the negatively charged cations’ salt bridges such
as lipopolysaccharide and the divalent cations’ salt bridges are essential for the outer
cytoplasmic membrane’s structural integrity. The anionic charge of the lipopolysac-
charide molecule is neutralized by cation and hydrogen bonds, building an impene-
trable network impermeable to macromolecules and hydrophobic molecules. Diva-
lent cations such as Mg+ and Ca”* are used by the gram-positive bacteria’s phosphate
group present in the cell wall, to maintain the cytoplasmic membrane’s stability.

Atthe point when the pH esteem of the framework drops underneath the isoelectric
point of chitosan and its subordinates, protonated -NH3* in the atomic chains are
drawn in by negative charges while chitosan and its subordinates chelate the divalent
cations on the cell layer surface (Fig. 9.2A(b), B(b)), prompting an unevenness in
the surface potential and a shared shock among the adversely charged atoms, lastly
the cell membrane burst [18].

e Interacting with Intracellular Targets

It’s a process that involves interconnecting with intracellular targets. Chitosan of
molecular mass <5000 D can pass through the bacterial cell wall and form complexes
with the bacteria. DNA and RNA polymerase’s function is jeopardized, thereby
inhibiting replication and DNA and RNA transcription (Fig. 9.2A(c), B(c)), which
inhibits the growth of bacteria [22, 23]. OCNPs’ ability to bind to DNA was inves-
tigated by Xing et al. [23]. By determining the mobility of the bacterial genome,
DNA/RNA can be discovered on an agarose gel. It is seen that with increasing OCNP
concentration, the of brightness electrophoresis band decreases. The movement of
DNA and RNA from E. coli is completely suppressed by 1000 mg/L. OCNP, which
may be because of electrostatic interaction between negatively charged phosphate
groups and positively charged amino acids OCNP.

Furthermore, low-molecular-weight chitosan reduces microorganism protein
synthesis (Fig. 9.2A(c), B(c)]. A group of over 4600 gene deletions mutations of
Saccharomyces cerevisiae (S. cerevisiae) was examined with the help of an array of
yeast gene deletions. Researchers could investigate interactions between chemicals
and genes, such as between S. cerevisiae and chitosan. It was found that out of ten
mutants, 31% were most susceptible to chitosan protein synthesis deletions of genes
[18].
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e Applying bacterial combination to bacterial surfaces

When dissolved in an acidic aqueous solution, chitosan with high molec-
ular weight can form a thick polymer layer on bacterial surface that impedes
nutrient delivery leading to metabolic disorders and ultimately, death of the bacteria
(Fig. 9.2A(d), B(d)). SEM (scanning electron microscope) inspection revealed
vesicle-like structures on the surface. E. coli and Salmonella outer membranes were
treated with chitosan [24].

5.2 Antioxidant Property

Chitosan and its derivatives have antioxidant activity in terms of free radical scav-
enging. Many key biological macromolecules are made up of free radicals. DNA,
proteins, and lipids are examples of macromolecules. Free radicals cause cellular
harm. Radicals have been linked to a variety of illnesses, including cardiovascular
disease, vascular disease, inflammatory disease, aging, diabetes mellitus, neurode-
generative disease, and cancer. Free radicals in humans are generated as superoxide
anion (02¢2), hydrogen peroxide (H,0,), and hydroxyl (*OH) roots. The term “reac-
tive oxygen species” (ROS) refers to all of these substances. ROS plays a vital role
in wound healing which necessitates a delicate balance of molecules’ beneficial and
detrimental effects. ROS having a balanced reaction will disinfect the tissue and
stimulate healthy turnover; a state of infection will occur if ROS is inhibited while
an increase in ROS destroys buffer tissue [25].

6 Chitosan Nanocomposite Scaffolds Toward Wound
Dressings

6.1 Chitosan Sponge for Wound Healing

Sponges are high porosity foam. Because of their microporosity, these solid structures
can absorb a large quantity of fluid (>20 folds their dry weight) They are often
soft and flexible while still allowing for optimal cell contact. Chitosan sponges can
absorb wound exudates while also helping to heal the wound. Chitosan sponges are
also employed in bone tissue engineering as a filler material. Histological outcomes
were noted when the SD rat’s dorsal skin wound was treated with three different
types of wound dressings [26]. The lesions treated with gauze revealed immature
granulation tissue, clogged arteries, and a large number of inflammatory cells. On
the 12th day, the dermis was still undergoing remodeling. In the C2A2-curcumin
sponge and C2A2 sponge, the collagen alignment and the granulation tissue were
more advanced as compared to gauze-treated wounds. The wounds treated with these
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two types of sponges had collagen that is compact and coordinated, which creates a
more favorable healing environment. Full-thickness wounds were produced on the
backs of each rat for wound healing tests where C2A2 sponges were used. For the
therapy, dressings of sponge made of chitosan glutamate (high molecular weight)
and sericin were created. For the treatment of persistent skin ulcers, sponge-like
dressings based on sericin and chitosan glutamate were created. The concentration
of sericin in the optimal dressing is sufficient to protect human fibroblasts from
oxidative damage. Furthermore, the improved dressing promotes wound healing by
increasing fibroblast proliferation. Absorbable and non-absorbable dressings were
made with the help of a grafted derivative of chitosan containing 2-hydroxyethyl
acrylate, it was converted to a sponge via a heat-induced separation process. Results
show that Levo-loaded sponges provide a promising solution for wound infection
control, even at low concentrations, are generally susceptible and resistant to wound
pathogens, and encourage improved antibacterial protection [27].

6.2 Immobilized Chitosan Extract Scaffolds for Wound
Healing

The hydrogel film is very delicate and does not cause any problem when applied
to the dressing. Plant extract is a natural microorganism that has limited compati-
bility in polymer solutions of hydrogel but its efficiency in hydrogel films is weaker
than its original form. Film hydrogels coated with Salix alba, Juglena Regia, and
gentamycin sulfate leaf extracts show antifungal as well as antibacterial activities in
the disk broadcast process and in the MIC. Wounds are often infected with a variety
of microorganisms, thus infection is always probable. This will encourage the devel-
opment of innovative dressings that have antibacterial effects by combining or not
combining antibacterial agents. The therapeutic characteristics of aloe vera can be
very helpful in the creation of beneficial dressing materials. Chitosan/aloe vera-based
membranes have been developed as dressing materials. The antibacterial ability of
the resultant membranes is found to be enhanced by the mixing of aloe vera with
chitosan. When compared to other formulations, CAV1 (CS:AV: 1:1, v/w) had the
highest antibacterial activity, demonstrating that CAV1 is a more effective bacteri-
cide. It’s possible that this is owing to a higher concentration of AV in the membrane,
which boosts its inhibitory strength. Despite the CAV membrane’s strong prolifer-
ation and cell adhesion, the greater AV content of the CAV (caveolin) membrane
hampered cell adherence and proliferation. With CAV 1, the anticipated increase in
cell spreading and proliferation was not seen. Membranes made of chitosan and aloe
vera can be considered viable wound dressing materials [27].
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6.3 Natural/synthetic Polymer Blend Scaffolds for Wound
Healing

In a study by Tanodekaew et al. the goal was to make a hydrogel containing chitin
grafted polyacrylic acid (PAA) that may be used as a wound dressing [28]. After
14 days, the shape and behavior of the cells on the chitin-PAA film were confirmed
to be usual. Fibroblast cells were used in the study by Ribeiro et al. where they
created a hydrogel of chitosan that can be used for wound healing. Cells obtained
from rat skin were used to test the hydrogel’s cytotoxicity. The findings revealed that
chitosan hydrogel was effective. As per the cell viability, hydrogel and its breakdown
by-products are toxic to cells. Studies show that chitosan hydrogel could help restore
skin architecture.

As a wound treatment agent, the material was found to be noncytotoxic to L.929
cell growth in indirect cytotoxicity testing of films using mouse fibroblasts (L929),
had good biocompatibility in vitro, and had the potential to be used as a bandage for
wounds. Chitosan and its derivatives were made into porous microspheres. Antigens
must be delivered in a controlled manner. The mucoadhesivity of chitosan and its
cationic derivatives has been recognized and shown to improve drug adsorption,
particularly at neutral pH. It was found that negatively charged cell membranes
interacted with N-trimethyl chitosan chloride, inhibiting microorganism growth. The
surface properties of the chitosan film can be tuned by heterogeneous chemical
modification. Gonzalez et al. reported PVA/clove extract, PVA/Ag nanoparticles,
PVA/bentonite, and PVA/cellulose nanocomposite hydrogels. PVA/clove hydrogels
lacked homogeneity, whereas PVA/bentonite and PVA/Ag nanocomposite hydrogels
showed substantial antimicrobial activity against E. coli growth, as well as good water
vapor transmissibility. With the use of Ag nanoparticles and clay as filler, the fusion
rate and water-absorbing capacity are suitable. For a wound-healing accelerator that
is both effective and water-soluble [27].

7 Application of Chitosan-Based Metallic Nanocomposites
in Wound Healing

7.1 Chitosan/nAu

As acommonly used natural polymer, chitosan (CS) has gotten a lot of interest in skin
tissue engineering [8]. It has the ability to increase the proliferation and differentiation
of many wound-healing cells, including keratinocytes, vascular endothelial cells, and
fibroblasts. In addition, CS can be used directly as a reducing and stabilizing agent
to produce a variety of metal nanoparticles. Despite its benefits, many studies have
shown in clinical practice that the low mechanical strength of CS adversely affects
the support and protection of wound surfaces. Although the exact mechanism of
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antimicrobial action is unknown, there are many widely accepted theories involving
surface charge, mRNA inhibition, and oxygen pathway blockade.

However, a number of parameters, including the pH of the environment, inhibit
this antibacterial action. Because chitosan has a low solubility at high pH, it can only
act as an antibacterial in an acidic environment. Also, the pH of the film must be
neutral during production. As a result, several studies have shown that the chitosan
solution has antibacterial properties, but the chitosan film does not. Fortunately,
antibacterial material can be used in the alteration to successfully remedy these issues.
With the rapid development of nanotechnology, the use of metal nanoparticles has
drawn a lot of interest and given a unique strategy for the restoration of skin defects.
Nanoparticles can be useful delivery vehicles as they are small in size and have huge
surface areas. They also have high antioxidant and antibacterial activity, as well as
anti-inflammatory and anti-angiogenic properties for healing internal wounds. Metal
nanoparticles have been shown to damage bacterial cells by releasing metal ions that
are not affected by the polymer matrix. As a result, metal nanoparticles can improve
the bacteriostatic properties of the CS matrix. AuNPs are much less cytotoxic than
other metal nanoparticles, such as Ag, Cu, and ZnO. The antibacterial mechanism
of gold nanoparticles, on the other hand, is still unknown. However, it is debatable
whether this is a direct link or the emission of gold ions. AuNPs disrupt the integrity
of the cell membrane by electrostatic interactions in the form of metallic gold on the
surface of the bacterial cell, releasing the contents of the cells and releasing reactive
oxygen species (ROS). The resulting gold ions tend to bind to the sulfhydryl groups of
cellular lipoproteins and disrupt the respiratory chain and trigger ROS in the pathway
through the gold ions. As a result, the AuNPs contained in the CS matrix effectively
prevent bacterial infection of the wound. In addition, spherical AuNPs with a diameter
of 2040 nm induces significant anti-inflammatory effects by reducing the levels
of IL-6 (interleukin 6), IL-12 (interleukin 12), and TNF-a (alpha tumor necrosis
factor). Furthermore, studies have shown that AuNPs increase angiogenesis and alter
collagen deposition in the extracellular matrix (ECM), both of which are beneficial
for wound healing. The endogenous collagen matrix promotes angiogenesis, favoring
tissue regeneration and increasing the proliferation of fibroblasts.

AuNPs, on the other hand, showed dose-dependent cytotoxicity, especially the
smaller ones (less than 2 nm). Fortunately, when AuNPs are coated with CS, the
cytotoxicity is greatly reduced. The particle size of AuNPs rises when they are
coated with chitosan to prevent cell absorption, which reduces cytotoxicity to some
extent. Furthermore, when colloidal gold nanoparticles are lowered, they tend to
cluster together in the dispersions, reducing their bactericidal efficacy significantly.
Fortunately, the use of CS for stabilizing gold nanoparticles has recently gained
traction, preventing AuNPs from aggregating together [30].

In one study, CS/AuNPs were prepared by mixing a solution of CS and colloidal
gold. Measurements (TEM) were performed to monitor the size distribution of
CS/AuNP. The antibacterial and cytotoxic properties of the composites were also
studied. In addition, the CS/AuNP compound had a positive effect on wound healing
in mice with defective full-thickness skin [30].
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Colloidal gold was self-assembled onto chitosan film in another investigation.
Nanoparticles with a size of 25 nm were employed to make the film, with a molar
ratio of 0.50 for the precursors, trichlorogold tetrahydrate hydrochloride to trisodium
citrate. In vitro, the chitosan control had superior keratinocyte attachment in the 6th
hour, whereas the three-dimensional film of chitosan gold had better keratinocyte
attachment at later time points. The scaffold’s three-dimensional structure may also
inhibit fibroblast growth, minimizing the mixing of the two cells. The presence
of heterochromatin, chondriosomes, and desmosomes in vitro keratinocyte culture
studies was significant in skin regeneration [31].

7.2 Chitosan/nCu

Copper compounds are traditionally used in agriculture to protect crops from bacte-
rial and fungal diseases and are also used as preventive feed additives and growth
promoters on animal and poultry farms. Copper has antimicrobial properties through
a variety of mechanisms, including cell membrane damage, protein chelation, and
enzyme inactivation. Biocompatible composites with high bioavailability and antimi-
crobial activity of copper have the potential to become a new class of antimicro-
bial agents. These chitosan-metal nanocomposites replace antibiotics, potentially
reducing drug resistance. Of particular interest are the use of copper-based biocom-
posites for the local treatment of wounds and the use of feed additives with high
doses of traditional antibiotics as a prophylactic strategy to limit infection. Chitosan
is a biocompatible polysaccharide substrate that has received a lot of attention in
recent years due to its ability to administer drugs. Consequently, copper chitosan
compounds have been studied in antibacterial, antitumor, and plant protection studies
for their synergistic effects. Several methods have been developed to add copper to
the chitosan matrix in effective doses to prevent toxicity to normal cells and tissues
and to produce specific effects [32].

The copper-CS composite was found to be lethal to gram-negative (E. coli) and
gram-positive bacteria when the copper level was 100 g/mL (1.57 mM) (S. aureus).
Pure CS and pure copper have no bactericidal action at the same concentration.
Copper nanoparticles’ antibacterial mechanism is believed to include hydrolysis of
the peptidoglycan layer, which destroys bacteria’s cellular structure. It’s also possible
that this is owing to copper’s thiophilic behavior, which makes it competitive enough
to kill cytoplasmic iron-sulfur enzymes. Exploration of the underlying mechanism
would lead to better bacteriostatic performance optimization. Copper nanoparticles
can be added to CS to improve their physical and chemical properties. Copper can
directly or indirectly increase cytokines or growth factors that reduce inflammation
and promote wound healing by promoting fibroblast proliferation, angiogenesis, and
collagen deposition. The antagonism of proinflammatory (eg IL-1, i.e. interleukin 1,
TNF-q, i.e. tumor necrosis factor-alpha and IL-6) and anti-inflammatory agents (eg
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Fig. 9.3 Effect of copper on different cytokines associated with wound healing

IL-4,1L-10, and IL-13) causes an inflammatory reaction. Despite the high biocompat-
ibility of CS, a previous study found a significantly higher expression of TNF-a in CS-
treated mice at an early stage of recovery. Low levels of TNF-a have been observed
in mice given CS/CulNP, suggesting that copper inhibits CS-induced inflammatory
responses. Meanwhile, a rise in anti-inflammatory mediators like IL-10 (Interleukin
10) boosted the anti-inflammatory capacity even more. Vascular endothelial growth
factor VEGF and Transforming growth factor-beta (TGF-f1) have been associated
with angiogenesis and collagen deposition in previous studies, both of which showed
high expression in the presence of CS/CuNP. The effect of copper on the various
cytokines involved in wound healing is shown in Fig. 9.3. CS / CuNP accelerates
wound healing by modulating cytokines and growth factors [33].

7.3 Chitosan/nAg

In ancient times, silver in the form of silver nitrate was used locally for burns and
wounds. Nag metallic silver is widely used as a preservative in cosmetics, gels,
sponges, antibacterial agents, films, and nanofiber substrates. These nAg are mainly
used to treat some pathogenic bacteria that are resistant to various antibiotics. For
example, nAg has led to a variety of biomedical applications, from silver-based
dressings to silver-plated medical devices. nAg penetrates damaged skin more easily
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than undamaged skin. The toxic effects of nAg can be reduced by using appro-
priate carrier systems or surface coatings. Additional administration of nAg in the
chitosan bandage helps control the release of nAg, reducing toxicity to normal cells.
Because chitosan is polycationic, it attacks anionic bacterial membranes and aggra-
vates damage by the addition of nAg, which inhibits cell membrane permeability and
respiration. Additional advantages are the interaction of silver ions with electron-rich
oxygen atoms and the interaction between the interactions of the ionic dipole and
the glucoside groups of chitosan. The bactericidal activity of Ag is well known, and
the ability of nAg to easily penetrate bacterial cells and form low-density regions
among bacteria may be the mechanism of action. The activity of silver ions is more
concentrated in gram-negative bacteria than in gram-positive bacteria. This is because
Gram-positive bacteria do not have a thick layer of peptidoglycan. The antibacte-
rial activity of silver nanoparticles can be explained in different ways. Silver ions
have been found to interact with thiol or sulfhydryl groups. Therefore, when nAg
enters cells, it interacts with thiols that contain important enzymes and causes cell
death. The second proposed mechanism is that because Ag is a weak acid, it interacts
with the weak acid group of genetic material, such as phosphate, to destroy DNA /
RNA and interfere with protein translation. nAg is mainly adsorbed by the bacterial
membrane to form pores in the membrane. Silver ions are known to penetrate bacte-
rial cell membranes and trigger the synthesis of reactive oxygen species and free
radicals, which cause structural and integrative damage to bacterial cells, promoting
wound healing [31, 33].

The characteristics of chitosan/sago starch film impregnated with NAg and an
antibiotic, gentamicin, were tested in vivo using an open excision wound model
by Arockianathan et al. Films are typically employed when the wound exudate is
minimal. They assist debride damaged skin and protecting it from compression.
As a result, stronger mechanical qualities are frequently a deciding factor for such
dressings. It would be fascinating to see if such dressings can prevent microbial
diseases from spreading.

In a thermal injury model, nAg had a faster wound healing rate of 26.5 0.93 days,
whereas control and silver sulfadiazine had a wound healing rate of 35-37 days
on average. The thermal injury model developed the infection within 7 days, after
which nAg therapy did not show an additional increase in bacterial proliferation.
After treatment with nAg, inflammatory cytokines such as IL-6, TGF-bl, IL-10,
VEGEF, and IFN-y have been shown to regulate wounds [31].

7.4 Chitosan/nTiO;

Titanium is known to irritate the skin. In healthy skin, nTiO, does not pene-
trate beyond the stratum corneum layer, but in damaged skin, the penetration of
nTiO, greatly increases systemic toxicity, so it is necessary to coat or encapsulate
the nanoparticles in a substrate to prevent the explosion of nTiO,. After chronic
inflammation or mitochondrial dysfunction, nTiO, captures electrons that form ROS
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through Fenton chemistry, leading to the formation of superoxide radicals. Under the
influence of light and humidity, nTiO, absorbs electrons from nearby atoms to form
hydroxyl and superoxide anion radicals. This can damage the lipid and peptidoglycan
layers of bacteria.

In addition, nTiO, may affect ROS-induced toxicity in DNA sequencing, DNA
damage, activation of p53-mediated DNA damage control signals, G2M cell cycle
termination, mutagenesis, reactive nitrogen production, oxidative stress, and apop-
tosis. Due to its favorable biological characteristics, nTiO, has found a useful role in
wound healing. Photocatalysis is used on nTiO;. Prolonged-release of titanium ions
has been shown to suppress microbial growth and promote wound healing.

In an excision wound model, Origanum vulgare engineered nTiO, demonstrated
better-wound closure. Wound contraction began on day 4 and reached nearly 94%
by day 12. On TiO; treatment, histopathological analyzes of wound tissue revealed a
higher number of macrophages, fibroblasts, and deposition of collagen. The antimi-
crobial activity of nTiO, was found to be higher in vitro with electrospun graphene
against gram-negative E. coli. This was done by generating reactive oxygen species
(ROS) in microorganisms.

In vitro antimicrobial activity against E. coli, S. Aureus, P. aeruginosa, B. subtilis,
and A. niger were evaluated using triple chitosan-pectin bandages with nTiO,
(0.001%). A polyelectrolyte complex was formed between the amine group of
chitosan and the negatively charged carboxyl group of pectin. The bandage has
high tensile strength and a low swelling factor. Open cut wounds treated with a triple
chitosan-pectin bandage containing nTiO; heal faster than controls. The epidermis
and developed dermis of the skin was found to be intact histologically. The chitosan
control group wound closure rate was 95% on day 16 and the wounds had fewer
scars than in the control group. This lends credence to chitosan’s anti-scarring prop-
erties. It also has a matrix of chitosan pectin, which can be easily removed without
damaging the skin [31].

7.5 Chitosan/nZnO

Nanocomposite mixtures of chitosan and zinc oxide (ZnO) NPs are another trend
in wound-healing [34]. Nano zinc oxide, among other metal oxides, is frequently
used in the manufacture of wound treatment bandages due to its antibacterial versa-
tility. ZnO NPs, like the other MNPs (Au and TiO,), can release Zn ions to provide
antibacterial activity. Another important antimicrobial mechanism available for ZnO
nanoparticles is the photocatalytic production of hydrogen peroxide. Many studies
have shown that electron—hole pairs are formed when ZnO NP semiconductors emit
light with wavelengths corresponding to energies >3.2 eV. Water and air on the
surface surrounding positively charged holes and negatively charged electrons can
generate reactive oxygen species such as superoxide (O2¢-) radical anions, hydroxyl
(*OH) radicals, and hydrogen peroxide (H,O2) and nucleic acid lesions leading to
bacterial oxidation, lipid peroxidation [33]. Figure 9.4 shows the synthesis of reactive
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Fig. 9.4 Schematic
representation of the
energies of ROS formation

oxygen species and the generation of electron—hole pairs. The formation of reactive
oxygen species (ROS) destroys the outer membrane of the bacterial cell wall.

Zinc oxide’s anti-inflammatory, antibacterial, and re-epithelialization, fibroblast
proliferation properties suggest that it could be used as an active stabilizer in wound
healing [35]. ZnO is a promising material for a wide range of applications due to its
unique optical, chemical sensing, semiconductor, electrical and piezoelectric proper-
ties. ZnO NPs can be synthesized in a variety of ways, yielding products with varied
sizes and morphologies. Microwave decomposition, simple wet chemical path, depo-
sition process, simple precipitation method, hydrothermal synthesis, solvothermal
method, microwave hydrothermal method, and hydrothermal technique are used in
the literature for the synthesis of ZnO nanoparticles. ZnO nanoparticles have been
demonstrated in the literature to have potent antibacterial properties against a variety
of microorganisms. The principal antibacterial mechanism of ZnO NPs has been
revealed to be photocatalytic hydrogen peroxide production. In addition, penetration
and subsequent disruption of the cell membrane have been shown to alter bacterial
growth inhibition by ZnO contact [34].

The antibacterial activity of ZnO-incorporated CS (ZnO-CS) was studied by
Visnuvinayagam et al. ZnO-NPs with nanosheet shapes were detected in scanning
electron microscope images. MRSA and Pseudomonas aeruginosa cells treated with
ZnO showed cell membrane disruption and shrinkage, respectively. The inhibitory
zone of CS coupled with ZnO is 5-15 mm larger than that of chitosan alone. Yuvaraja
et al. developed CS/PVA/ZnO beads as new antibacterial agents for wound healing
using polyvinyl alcohol (PVA). Transmission electron microscopy revealed a hexag-
onal crystal structure of ZnO. The antibacterial activity and therapeutic effect of
CS /PVA/ZnO in mouse skin wounds were much better than those of CS and PVA.
The results mainly confirm the usefulness of the nanocomposite system for wound
healing [33].
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8 Conclusion and Future Outlook

The mechanism of wound-healing and application of chitosan and chitosan-based
nanocomposites have been expounded in this chapter. With its noteworthy set of
properties such as antimicrobial nature, antioxidant property, biodegradability, facil-
itation of collagen deposition, biocompatibility, and among others, chitosan is a
promising candidate in wound-healing applications. The methods of preparation of
various chitosan-based nanocomposites have been elaborated in this chapter in addi-
tion to the effects and mechanism of chitosan on skin wounds. A major impediment to
realizing the clinical application of chitosan-based nanocomposites and scaffolds for
wound healing is their poor mechanical strength. The development of cost-effective,
simple wound dressings of chitosan capable of promoting repair of the wound and
causing no to least inconvenience to the user, while addressing the current limitations,
should be the focus of researchers in this field.

Important Websites

1. https://www.webmd.com/vitamins/ai/ingredientmono-625/chitosan.

2. https://www.gmp-chitosan.com/en/component/tags/tag/wound-dressing.html.
3. https://www.glycoforum.gr.jp/article/23A6.html

4. https://www.wur.nl/en/show/chitin-and-chitosan.htm
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Chapter 10 M)
Role of Antibacterial Agents Derived ek
from Chitosan-Based Nanocomposites

Neha Dhingra, Anubhuti Mathur, Nishaka, and Kanchan Batra

Abstract Chitosan is an abundant naturally sourced polymer that exhibits coveted
properties of biodegradability, bioactivity, non-toxicity, and polycationic character
and their significant antimicrobial, antitumor, antioxidative, anticholesterolemic,
hemostatic, and analgesic ramifications. Chitosan-based nanoparticles have revo-
lutionized antibacterial dispersions owing to their capacity to amplify the action of
the parent chitosan’s inherent effect. The degree of deacetylation of parent chitosan,
molecular weight as well as concentration and size of nanoparticles is the various
factors affecting its activity. The proof of its versatility has been its crucial appli-
cations in per-oral administration of drugs, delivery of parenteral drugs, delivery of
vaccines, delivery of non-viral genes, delivery of brain targeting drugs, delivery of
mucosal drugs, delivery of ocular drugs, instability improvement in controlled drug
delivery of drugs, and tissue engineering. Chitosan-based system efficacy in both
organic and inorganic formulations has been favored by its polycationic character
which interacts with the negatively charged residues of macromolecules at the exte-
rior. There are numerous pieces of evidence enumerating chitosan-based nanopar-
ticles’ antibacterial properties involving testing against detrimental microbes like
Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Staphylo-
coccus aureus. Currently accelerated development of chitosan-based nanoparticles
is being carried out in the medical industry for the creation of improved wound dress-
ings, dental and orthopedic mediums, and drug delivery carriers, in defense against
plant pathogens, and in the food packaging industry which has increased its relevance
in the mainstream.
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Abbreviations

APDI antimicrobial photodynamic inactivation
ChNP chitosan nanoparticles

M cell membrane

CS chitosan

CS composite films

CSF-Chi-NPs  colony stimulating factor chitosan-based nanoparticles
CS-NPs chitosan nanoparticles

DD degree of deacetylation

DS degree of substitution

EOs essential oils

GM-CSF granulocyte-macrophage colony-stimulating factor
HMw high-molecular-weight

LDPE low-density polyethylene

LMw low-molecular-weight

LPS lipopolysaccharide

MBC minimum bacterial concentration

MB methylene blue

MIC least inhibitory concentration

MWs molecular weight

NHCS N-hexanoyl chitosan

NPN N-phenyl-1-naphthylamine

oM outer membrane

OmpA outer membrane protein A

QCh/PVP quaternized chitosan/polyvinylpyrrolidone
RR reactive dye

TA teichoic acid

1 Introduction of Chitosan-Based Nanocomposites

Public health concerns about pathogenic microorganisms have surged recently. This
in turn has increased the demand for safe and effective treatments that are less likely
to promote resistance development. Due to this urgent need, nanotechnology has
emerged to play a significant role, owing to its potential to amplify the efficacy of
antibacterial treatment, molecular biology, pharmaceuticals, cell biology, and detec-
tion methods that have all seen significant advances. Chitosan-based nanosystems
have piqued interest over the years because of their adaptability, biocompatibility,
and biodegradability, particularly for the construction of mixed systems with better
attributes. Chitosan’s antibacterial action has been used in a variety of applications,
spanning from agriculture to biomedicine [1].
An ideal antimicrobial material should be
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(1) synthesized quickly and cheaply,

(2) robust in repeated applications and preservation at the appropriate application
temperature,

(3) be insoluble for the purpose of water treatment,

(4) does not breakdown into harmful compounds or create them,

(5) it should not be poisonous or annoying to individuals who handle it,

(6) regeneratable when activity is lost, and

(7) biocidal to a broad spectrum of bacteria [2, 3].

Chitosan has long been known for its extraordinary characteristics, and it has
been utilized in agricultural fields, industry, and medicinal drugs. In the field of
agriculture, the characterization of chitosan is an antiviral for plants, a component of
liquid multicomponent fertilizers, and an agent for metal-recovery in agriculture and
industry [4]. It has been used in cosmetics as an agent for film-formation, a dye binder
for textile, a paper strengthening addition, as well as a hypolipidemic diet ingredient.
There has been a wide use as a biomaterial owing to its immuno-stimulatory qualities,
anti-coagulant capabilities, antibacterial and antifungal activity, and activity serving
as a wound-healer in the case of surgery.

Chitosan is nature’s second most abundant polysaccharide. It has regained appeal
to the fact that bacteria have not developed resistance to it. Chitin and its deriva-
tives are water-insoluble as well as hydrophobic natural bio-polymers that have been
proven to be biocompatible and biodegradable. Chitin is formed of -(1,4)-linked
2-acetamido-2 deoxy—D-glucose, whereas chitosan is a 1,4-linked 2-amino-deoxy-
D-glucan produced from partial N-deacetylation of chitin [5]. Chitin’s deacetylation,
a polysaccharide abundantly distributed in nature (like in crustaceans, insects, and
fungi), is a simple way to get it. Because of its low solubility in aqueous mediums,
chitin is less likely to be appropriate for commercial use. It is a polymer constituted up
of acetylamino-D-glucose units, whereas its chemical composition is more difficult
to determine. It generally refers to a collection of polymers that have their molec-
ular weight and degree of deacetylation determined by the sugar units’ number per
polymer molecule (n) [6]. Despite the fact that the degree of deacetylation impacts
chitosan’s solubility in aqueous mediums, it is soluble in acidic solutions and very
feebly soluble in weak alkaline solutions [7]. There are many techniques to investi-
gate the antibacterial activity of the polymer and its derivatives that have resulted in a
myriad of physical forms of chitosan, ranging from the original solution employed in
agriculture activities to film configuration in the food industry and universal medic-
inal nanostructured substances. The insertion of a polyanion such as tripolyphosphate
(TPP) under constant stirring in a chitosan solution can easily produce chitosan
nanoparticles (ChNP). When compared to the parent chitosan, these nanoparticles
show more activity. Chitosan has antimicrobial properties that include bacteria, fila-
mentous fungus, yeast, and even viruses. ChNP has been shown to exhibit antibacte-
rial action against E. coli, S. aureus, S. mutans, Salmonella typhimurium, Salmonella
choleraesuis, and Pseudomonas aeruginosa in studies [8—11].
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2 Mode of Action

Even though chitosan and its derivatives’ exact processes behind the antibacterial
characteristics are unknown, its antibacterial action is recognized to also be regu-
lated by several factors that operate sequentially and distinctly. According to common
opinion, the existence of amine groups (NH3") in glucosamine is the fundamental
property of chitosan’s ability to interact with surface components of many bacteria
that are negatively charged, producing substantial changes to the cell surface and
ultimately cell death [12]. Gram-positive bacteria’s teichoic acid and gram-negative
bacteria’s lipopolysaccharide are both important in chitosan binding in this situa-
tion, and disruption of cell wall dynamics resulted in changes and instability in cell
membrane function [13]. According to a study by Jeon [14], the antibacterial activity
of the chitosan microparticles is executed through microparticle binding to bacteria.
In a binding assay examination, the researchers used CM-coated glass slides with the
E. coli O157:H7 as a bacterial study. Scientists conducted several tests to identify the
specific target for chitosan microparticles binding after demonstrating that contact
was required for bactericidal effects, hypothesizing that surface-exposed proteins
were the primary targets. They discovered that the Omp A protein, which is present
on the outer membrane, was involved in the binding process using gene deletion
procedures [14].

Antibacterial mechanisms begin at the cell surface and destroy the cell wall or
the outer membrane to start with, even though gram-negative and gram-positive
bacteria have distinguishable cell walls. Lipoteichoic acid has the potential to form
a molecular connection with chitosan on the cell surface, permitting it to damage
membrane functions in gram-positive bacteria [15]. Electrostatic exchanges with
divalent cations maintain the gram-negative bacteria’s outer membrane together,
which is required to maintain the outer membrane stable [16]. Because the pH of
chitosan and its derivatives is below the pKa, polycations may contest with divalent
metals for mixing with polyanions. As the pH climbs over pKa, it shifts to chela-
tion. Mg?* and Ca”* ions exchange in the cell wall is likely to interrupt cell wall
stability or alter degradative enzyme function. Several methods have been employed
to illustrate the disruption of cell wall integrity. A hydrophobic probe, N-phenyl-1-
naphthylamine (NPN), in general, is excluded from the outer membrane. N-phenyl-
1- naphthylamine can divide into perturbed outer membrane. When outer membrane
is functionally damaged invariably in nanoindentation tests, the slopes of the deflec-
tion curves for E. coli and S. aureus administered with chitosan oligomers were
less than for the bacteria which were not treated, indicating that cell indentation
or cell compaction had happened as a result of less rigid cells after the treatment
[17]. The studies suggest that cell walls are weakened, either as a consequence of
cell wall destruction or as a result of cell lysis. When the protective covering of the
cell wall is lost, the cell membrane becomes vulnerable to the environment. As a
result, the processes of the cell membrane can be modified, and the permeability
of the membrane can be substantially compromised [13]. The permeability of the
cell membrane, which in itself is a negative charge phospholipid bilayer, can vary
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significantly when chitosan comes into touch with it. The bacterial surface charge
is soon neutralized and even reversed by the binding [18]. Additional interactions
might denature protein molecules and allow phospholipid bilayer invasion. Increased
membrane permeability causes cell membrane instability and intracellular substance
leakage, resulting in cell death. This significant alteration in the nature of membrane
proteins is believed to play a role in antibacterial activities as of yet.

3 Factors Affecting chitosan’s Antibacterial Activity

Chitosan’s antibacterial action is determined by a variety of intrinsic and extrinsic
variables. The degree of deacetylation and molecular weight of parent chitosan, along
with the concentration and size of the nanoparticles, is all intrinsic variables. pH,
temperature, and reaction time are examples of external variables (Fig. 1).

Fig. 1 List of the various factors that affect the activity of chitosan-based nanoparticles
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3.1 Concentration of Chitosan

At lower concentrations, chitosan binds to negatively charged cell surfaces and
disrupts the cell membrane, enhancing cell death by facilitating intracellular compo-
nent leakage, whereas, at higher concentrations, protonated chitosan covers the cell
surface and blocks intracellular component outflow. Agglutination is also deterred
because positively charged bacterial cells resist one other. [19]. By uniformly
ingraining 1, 3, and 5% chitosan (w/w) in low-density polyethylene (LDPE) matrix,
an antimicrobial packaging material was created [20]. The antibacterial effectiveness
of LDPE/chitosan composite (LDPE/CS) films on virgin LDPE films was shown in
an E. coli assay. Virgin LDPE and 1%, 3%, and 5% LDPE/CS films were tested
as chill-stored tilapia packaging films, and samples packaged in LDPE films were
rejected by the seventh day, whereas fish sealed in 1%, 3%, and 5% LDPE/CS coat-
ings were fine for up to 15 days. 3% LDPE/CS films had more improved physical and
antibacterial qualities and enhanced the maintained quality of tilapia steaks while it
was in chilled storage, as compared to other films [21].

3.2 Molecular Weight

When it pertains to the association between bactericidal activity and chitosan’s molec-
ular weight, several studies on chitosan’s bactericidal effect have generated inconsis-
tent results. In some investigations, increasing chitosan Mw resulted in lower chitosan
activity against E. coli while in others, high-Mw (HMw) chitosan was found to be
more active than low-Mw (LMw) chitosan. Furthermore, regardless of Mw, activity
against E. coli and Bacillus subtilis were shown to be identical [22]. Despite the
fact that the limited availability of the results on various bactericidal activity in the
case of LMw chitosan was equivalent depending on the bacterial strains used, for
the biological testing circumstances, and related chitosan Mw, the results were not
consistent. For example, 9.3 kDa chitosan inhibits E. coli growth, while 2.2 kDa
chitosan promotes it. In addition, LMw chitosan (4.6 kDa) and its derivatives had
superior antibacterial, yeast, and fungicidal activities [13].

3.3 Positive Charge Density

The part of the polycationic structure in antibacterial activity has been sufficiently
documented. Powerful electrostatic contact is driven by a bigger positive charge
density. The positive charge is correlated to the degree of substitution (DS) of chitosan
or its derivatives, which influences positive charge density. To some degree, chitosan
microspheres with a high DD (97.5%) have a larger positive charge density that
causes stronger antibacterial action on Staphylococcus aureus at a pH of 5.5 than
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those with a moderate degree of deacetylation (83.7%) [23]. According to one study,
a greater degree of deacetylation with a more positive charge was notably effec-
tive in preventing S. aureus growth, implying that chitosan’s antibacterial efficacy
against S. aureus was boosted with greater DD [15]. The antimicrobial action of
chitosan derivatives is mainly defined through the grafting groups’ DS. The antibac-
terial activity of water-soluble N-alkylated disaccharide chitosan derivatives against
Escherichia coli and Staphylococcus aureus was examined, and it was found that
the DS of disaccharides and the kind of disaccharide present in the molecule affect
the antibacterial activity of chitosan derivatives [24]. In regard to the exact study, a
DS of 30—40% induced the most powerful antibacterial activity against E. coli and
S. aureus, regardless of the type of disaccharide linked to the chitosan molecule,
among the myriad chitosan derivatives, the two bacterias are especially vulnerable
to cellobiose chitosan derivative DS 30—40% and maltose chitosan derivative DS
30-40%, respectively [13].

3.4 Hydrophilic/Hydrophobic Characteristic

Water is required for antimicrobial agents to act, regardless of their type or amount.
For needed to commence contact, completely dry samples are almost impossible to
liberate the energy contained within chemical bonds. Hydrophilicity and hydropho-
bicity are terms that describe how chitosan interacts with bacteria and are also affected
by the aqueous environment. Chitosan’s hydrophilic properties have a significant
impact on its water solubility. Because of its low-water solubility, chitosan’s appli-
cation is restricted [25]. Chemical changes are effective in increasing the solubility of
chitosan and its variants in water and expanding its applications [26]. Saccharization,
acylation, quaternization, and metallization have all been used to make water-soluble
chitosan and its derivatives, which have always been a primary focus of antibacte-
rial studies research. Quaternary ammonium chitosan, for example, could be made
by attaching a quaternary ammonium group to a dissociative hydroxyl or amino
group. The antibacterial capabilities of chitosan and its derivatives are influenced by
the hydrophilic-lipophilic variance. The hydrophobicity of NHCS 0.5 (N-hexanoyl
chitosans, with a molar ratio of 0.5 when compared to chitosan residue) is believed
to be responsible for its increased inhibitory impact [27, 28]. The inclusion of a
long aliphatic chain promoted the absorption and boosted the effects of a substituted
LMW chitosan, N/2(3) -(dodec-2enyl) succinoyl/chitosans, onto the cell walls using
hydrophobic contact with cell wall proteins in another study [13].

3.5 Chelating Capacity

In acidic circumstances, chitosan has a sufficient chelating ability for numerous
metal ions (containing Ni*?, Co*?,Zn’*, Mg?*, Fe?*, and Cu2+), and it is been widely
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used to remove or recover metal ions in a variety of industries [29]. The metal ions
that react with the cell wall constituents of the microorganism are important for the
stability of the cell wall. The chelation of these metal ions by chitosan has been
proposed as a potential method of antibacterial action [30]. Chelation is competent
for blending divalent metal ions in neutral conditions and also in acid conditions.
Further, the chitosan metal complex is developed by chelating capacity and has
substantial antibacterial action [13].

3.6 pH

Chitosan’s antibacterial action is pH-dependent. Since chitosan is readily soluble
in acidic conditions, thus it becomes polycationic when the pH goes under the
molecule’s pKa (6.3-6.5), it may be used in a variety of applications [31]. It is
been stated that chitosan possesses antibacterial properties exclusively in an acidic
environment, although it has not been proven. At lower pHs, chitosan has a stronger
inhibitory impact, and as the pH rises, the inhibitory effect weakens. The presence of
a large number of positively uncharged amino groups, and also chitosan’s poor solu-
bility, might explain why chitosan is unable to kill bacteria at pH 7 [32]. However,
according to some workers, chitosan and its derivatives fully lose their antibacterial
activity under neutral conditions, which may not be entirely accurate. Under neutral
conditions, a novel technique for antibacterial study using chitosan microspheres
(CM) in a solid dispersion system revealed that the CM sample with DD of 62.6%
exerted the only inhibitory effect among the three DD (97.5, 83.5, 62.6%) [11]. The
characteristics of native chitosan were preserved in the CM samples used in this study.
Another study found that the antibacterial activity of N-alkylated chitosan derivatives
(DS 30-40%) against E. coli increased as the pH climbed from 5.0 to 7.0-7.5, with a
peak around 7.0-7.5 [33]. These findings also show that a positive charge on amino
groups is not the only thing that causes antibacterial activity. However, nothing is
known about chitosan’s antibacterial action in alkaline environments [13].

3.7 Ionic Strength

Any changes in the ionic strength of a medium can affect the inhibitory effect of
chitosan, which is presumably due to two different mechanisms. Firstly, a gain in
metal ions, mainly divalent ions, can lower chitosan’s chelating capability’s efficacy.
The inhibitory ratio of chitosan samples reduced dramatically when 0.05 mol/L
magnesium ions were added to the medium, resulting in abrogated antibacterial
action [23]. In another study, divalent cation doses of 10 and 25 mM reduced shrimp
chitosan’s antibacterial effectiveness against E. coli in comparison with Ba. Further-
more, when compared to Ba?*, Mg?*, Ca?*, and metal ions decreased, the antibac-
terial action of chitosan was the most successful when the Zn?* and Ca®* ions were
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added [34]. Secondly, along with polycationic chitosan, cations already present in
the medium may compete with the negative components that predominate on the
bacterium’s cell wall, reducing antibacterial efficacy. The antibacterial effectiveness
was also modified by the addition of anion [13].

3.8 Physical State

Chitosan’s antibacterial activity is the outcome of many reactions rather than the
driver of them. Interaction of chitosan molecules with the cell wall helps in producing
processes. The morphology of molecules determines the effectiveness of processes.
Similarly, chitosan’s physical state, which dictates molecular form, has a massive
effect on its antibacterial action [13].

3.8.1 Soluble State Antimicrobial Activity

The dissociating form of soluble chitosan in solution as a dissociating form allows for
sufficient reactivity with the counterparts and brings all of the possibilities to life. This
explains how soluble chitosan and its variations are often more efficient in inhibiting
bacterial growth than insoluble chitosan and its variants [34]. The least inhibitory
concentration (MIC) of chitosan derivatives is much lower than that of native chitosan
against all tested bacteria. Meanwhile, soluble chitosan and its derivatives are readily
affected by both external and intrinsic influences due to their substantial contact
with the solution. In one study, Maillard reaction-produced chitosan derivatives
(chitosan, fructose, glucose, glucosamine, and maltose) improved the solubility of
native chitosan [34]. Incorporating hydrophilic groups into the molecule, such as in
quaternary ammonium chitosan, is yet another important way to improve chitosan
solubility. After quaternization, the derivative exhibits more solubility in water and
better antibacterial activity than chitosan [13].

3.8.2 Solid State Antimicrobial Activity

Solid chitosan, unlike soluble chitosan, only comes into contact with a solution
through the surface, such as fibers, hydrogels, membranes, microspheres as well as
nanoparticles. The hydrogels are created by covalently cross-linking chitosan with
itself. Several initiatives have lately been made to produce chitosan particle systems
capable of forming large reactive surface areas as a dispersion in solution. As its
physical condition alters, its antibacterial potency will surely vary. Nanoparticles
have a weaker inhibitory effect on S. aureus ATCC 29737 than polymers in free
soluble form because they have less positive charge available to attach to the negative
bacterial cell wall [35]. Another study discovered that chitosan nanoparticles have
more antibacterial activity than chitosan due to the nanoparticles’ unique properties,
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such as their larger surface area and increased affinity with bacterial cells, resulting
in a quantum-size effect [13].

3.9 Temperature and Time

Composing chitosan mixtures in mass and reserving them for future use in commer-
cial applications would have been viable. With preservation, chitosan parameters like
viscosity and MW may alter. Due to this, a chitosan solution’s viscosity should be
regulated since it might further change the solution’s other operational properties.
Chitosan solution’s stability (MW of 2025 and 1110 kDa) and its antibacterial effec-
tiveness on gram-positive (Listeria monocytogenes and S. aureus) and gram-negative
(E. coli and Salmonella enteritidis) bacteria were analyzed after 15 weeks of storage
at the temperatures 4 °C and 25 °C [36]. The antibacterial action of chitosan solutions
was greater before storing than after 15 weeks. Chitosan solutions held at 25 °C had
an antibacterial effect equivalent to or less than those kept at 4 °C. The sensitivity
of E. coli to chitosan expanded as the temperature was increased from 4 to 37 °C in
one investigation, implying that low-temperature stress might change the cell surface
configuration in a manner that diminished the number of surface binding sites (or
electronegativity) for chitosan derivatives [13].

3.9.1 Microbial Factors

Microbial Species

Despite its broad antibacterial activity, chitosan has varying inhibitory efficacy
against fungi, gram-positive, and gram-negative bacteria. They display antifungal
properties by inhibiting the process of spore germination as well as sporulation [37].
By contrast, the antibacterial activity mode is a complicated process that differs
between gram-positive and gram-negative bacteria caused by changes in cell surface
features. In many investigations, pH values of gram-negative bacteria were found
to have stronger antibacterial activity than gram-positive bacteria [38, 39], whereas
gram-positive bacteria were found to be more vulnerable in another, probably due
to the gram-negative outer membrane barrier. Regardless, multiple studies identified
no significant differences in antibacterial activity and microbes. Varied initial reac-
tion materials and settings influence the various outcomes. Based on present data,
bacteria appear to be less responsive to chitosan’s antibacterial activity than fungus.
Chitosan has a higher antifungal effect at low-pH values [13, 40].

e Part of Microorganism

Gram [SG1]-negative bacteria have a lipopolysaccharide (LPS)-containing outer
membrane (OM). The bacteria have a hydrophilic outer surface as a result of this,
electrostatic interactions between divalent cations alter the overall stability of the LPS
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layer due to anionic groups (phosphate, carboxyl) in the lipid components and inner
core of LPS molecules. When these cations are removed by chelating substances like
ethylenediaminetetraacetic acid, the OM is destabilized, resulting in the release of
LPS molecules.

Gram-negative bacteria are often resistant to hydrophobic medicines as well as
hazardous pharmaceuticals since OM acts as a penetrating barrier against macro-
molecules and hydrophobic chemicals. As aresult, any material that wishes to exhibit
bactericidal activity against gram-negative bacteria must first overcome the OM [23]
teichoic acid (TA) and peptidoglycan (PG) that make up gram-positive bacteria’s
cell wall. TA is a polyanionic polymer that traverses the cell wall of gram-positive
bacteria to make touch with the PG layer. They can be covalently attached to the N-
acetylmuramic acid in the peptidoglycan layer. Teichoic acids and glycolipid remain
anchored into the cytoplasmic membrane’s outer leaflet forming lipoteichoic acids
(LTA).

Because the OM works as a penetrating barrier against macromolecules
and hydrophobic substances, gram-negative bacteria are generally immune to
hydrophobic medicines and hazardous medications. The poly (glycerol phosphate)
anion groups in TA are responsible for the cell wall’s structural integrity. Further-
more, it is essential to the functioning of a variety of membrane-bound enzymes.
In gram-negative bacteria, TA’s counterpart LPS has a comparable effect on the cell
wall [15].

Cell Age

The age of a cell can affect antibacterial effectiveness for a certain microbial species.
S. aureus CCRC 12657, for example, is particularly vulnerable to lactose chitosan
derivative mostly in the late exponential phase, with really no viability observed
following 10 h of incubation. Cells mostly in mid-exponential and late-stationary
stages, on either hand, had less population decline in cell viability. Modifications in
cell surface electrical negativity are thought to alter with the growth phase, which
may also contribute to variances in cell sensitivity to chitosan. In comparison, mid-
exponential E. coli O157:H7 cells have been the most vulnerable, while stationary
phase cells have been the least sensitive. Because the surface charge of microbial
cells depends greatly upon the microbe, the inconsistencies were attributed to the
microbial species studied [41].

4 Complexes of Chitosan with Certain Materials

To improve the antibacterial effect, chitosan materials containing certain compo-
nents might be produced. The use of essential oils (EOs) in chitosan-based coatings
has attracted agricultural researchers’ attention owing to these volatile molecules’
bactericidal and fungicidal properties [42]. EOs like carvacrol, clove, lemongrass,
and oregano have recently been properly integrated into the chitosan, demonstrating
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high-antibacterial activity. Also, researchers [43] showed that chitosan and cinnamon
EOs had unique compatibility, with their integration improving the antibacterial
characteristics of chitosan. Cinnamon essential oils are effective for covering highly
perishable foods like fish and chicken.

The structure of the chitosan/metal complexes is usually determined by the molar
ratio of the chitosan to metal ions, the kind of the molecular weight, metal ion and
preparation circumstances, as well as the deacetylation of chitosan [21].

4.1 Antimicrobial Activity of Chitosan/Metal
Nanocomposites

Chitosan and metals were combined to create novel nanocomposite materials having
modified microbicidal characteristics [44]. Silver, gold, and copper-loaded chitosan
nanoparticles, in particular, are shown to have a wide range of activity against gram-
positive and gram-negative bacteria. Metal ion solutions were added to chitosan
nanosuspension to create these nanoparticles, and a soluble metal salt was reduced in
the existence of chitosan solutions [45]. The most commonly studied metal/chitosan
complexes are silver-based nanocomposites, researchers integrated chitosan films
with Ag nanoparticles or Ag" ions at varying concentrations and examined those
for antibacterial activity against S. aureus and E. coli to see whether the occurrence
of silver as metallic nanoparticles or ions had been responsible for the increased
antibacterial effect of the silver-based chitosan composite materials. They demon-
strated that chitosan films with 1% w/w silver nanoparticles or 2% w/w silver ions
had the highest antibacterial effect, indicating that Ag/chitosan nanoparticles seem
to be more effective than Zn ions or Ag*? [46]. Different types of chitosan-based
nanocomposites have been mentioned in Table 1.

4.2 Chitosan Nanoparticles’ Antimicrobial Activity
in Bacterial Biofilms

In biofilms, microbial populations are encased in a sticky extrinsic polymer matrix.
Antimicrobial agents are substantially more resilient to microorganisms in biofilms.
Antibiofilm activity of natural biological substances is now being investigated
to find alternative preventive or treatment strategies. In this regard, anti-biofilm
characteristics of chitosan-streptomycin conjugates/gold nanoparticles then were
assessed against gram-negative S. typhimurium and P. aeruginosa as well as gram-
positive Listeria monocytogenes and S. aureus [47]. Gram-negative and gram-
positive bacteria biofilms were disrupted by the chitosan-streptomycin gold nanopar-
ticles, which also inhibited the production of gram-negative bacteria biofilms. Strep-
tomycin was conjugated to chitosan and gold nanoparticles, which made it easier
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Table 1 List of all the different forms of chitosan nanocomposites with their various applications

in different fields

Name of Form of chitosan | Distinct Crucial properties | References
nanomaterial nanocomposites | application
created
Ag nanoparticles | Thin film coating | Antibacterial Inactivation Susilowati and
on bandage activity against | bacterial Ashadi [118]
E. coli and S. metabolism
aureus
Graphene oxide Thin film Antimicrobial | Improved Grande et al.
against E. coli | mechanical and [119]
and R. subtilis | antimicrobial
properties
Bentonite and Thin film Application in | Increased Benucci et al.

sepiolite winemaking immobilization of | [120]
protease although
negatively affected
catalyzation
Sulfamethoxazole | Nanoparticle drug | Antibacterial Synergistic activity | Tin et al. [121]
activity against | with
P aeruginosa | sulfamethoxazole
Clarithromycin Nanoparticle drug | Works against | Shows antibacterial | Golmohamadi
S. aureus activity etal. [122]
Ciprofloxacin Nanoparticle drug | Works against | Stops the growth of | Sharma et al.
Chlortetracycline E. coli and S. gram-positive and | [123]
Hydrochloride aureus gram-negative
Gentamycin bacteria
sulfate
Azithromycin Nanoparticle drug | Effective Shows great Brasil et al.
Levofloxacin against E. coli | antibacterial effects | [124]
Tetracycline S. aureus
Rifampicin Nanoparticle drug | S. epidermidis | Stops bacterial Ong et al. [125]
Ciprofloxacin biofilm and
Vancomycin demonstrates
Doxycycline synergism with
Gentamicin antibiotics

for it to penetrate the biofilm matrix and promote bacterial interaction. Chitosan
nanoparticles can also be used for photodynamic activation. The effectiveness of
chitosan nanoparticles in methylene blue (MB)-mediated antibiotic photodynamic
inactivation (APDI) of P. aeruginosa and S. aureus biofilms was investigated [48].
Chitosan nanoparticles increased the efficacy of MB-APDI by disturbing biofilm
formation and enabling MB to probe deeper and much more efficiently into biofilms
of P. aeruginosa and S. aureus [48]. Biofilm forms on the enamel surface as a result of
oral infections, which have been related to human caries, gingivitis, and periodontitis.
To combat the biofilm, chitosan nanoparticles were utilized.
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4.3 Chitosan Nanoparticles Loaded with Antibiotics or Other
Microbicidal Substances Possessing Antimicrobial
Activity

Chitosan has been used to transport both synthetic and biological chemicals with
the goal of increasing or modulating their antimicrobial properties. Antibiotics
were internalized inside cells infected with intracellular bacteria or their efficiency
versus multiresistant bacteria was boosted using chitosan nanoparticles. In partic-
ular, researchers discovered that ceftriaxone sodium was absorbed better by Caco-2
and J774.2 (macrophages) cells when it was encapsulated in chitosan nanoparticles,
as well as that these nanoparticles had a stronger intracellular antibacterial action
against S. typhimurium than with the drug in the solvent [49]. Tetracycline-loaded
O-carboxymethyl chitosan nanoparticles were used in a similar [50] study, and the
drug-loaded nanoparticles were reported to boost antibiotic effectiveness versus S.
aureus. Jamil et al. investigated the efficiency of cefazolin-loaded chitosan nanopar-
ticles against multiresistant gram-negative bacteria such K. pneumoniae, E. coli, and
P. aeruginosa. As per the agar well-shared understanding and microdilution broth
test, the drug-loaded chitosan nanoparticles exhibited antibacterial activity against
the three pathogens which were stronger than cefazolin in solution. Antimicrobial
peptides and proteins have recently been incorporated into chitosan nanoparticles.
Among these compounds, lysozyme has attracted much interest since it is used as a
preservative in food and medicines [51], while the amphiphilic peptide temporin B
has been demonstrated to be beneficial against various bacterial species [51, 52].

5 Applications of Chitosan-Based Nanosystems’
Antimicrobial Activity

5.1 Antimicrobial Agent

In the past several years, chitosan-based nano systems have drawn attention for their
compatibility, degradability, and diversity, particularly for the formation of mixed
systems with better attributes. Chitosan-based systems’ antibacterial activity has been
used in a variety of applications, spanning from agriculture to biomedicine [53]. The
following parts describe the advancements of chitosan-based nanoparticles in the
areas of wound healing, textiles, and food packaging. Nanoparticle-based material’s
antibacterial properties are also useful in a variety of medical applications like burn
and wound dressings, filters, medical devices, and materials used in dental plaque
reduction [41] (Fig. 2).

When scientists were researching antimicrobials in nature to replace synthetic
chemicals, they came across chitosan and chitosan nanoparticles. The antimicrobial
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Fig. 2 List of the multifaceted applications of chitosan-based nanoparticles

activity of chitosan is the result of the interaction of negatively charged phospho-
lipid of the plasma membrane with the positively charged chitosan, altering cellular
permeability and ultimately resulting in cell death. Chitosan’s ability to chelate metal
ions, well explains its antibacterial characteristics. Chitosan has the ability to pass
through the cell wall and bind with DNA and inhibit transcription. Chitosan nanopar-
ticles can also be formed by decomposing chitosan with hydrogen peroxide. To make
antimicrobial paper, after combination with pulp, it was impregnated, dispersed as
a coating on hand sheets, and insufflated. Staphylococcus aureus and E. Coli were
discovered to be the most resistant bacterial species to the paper generated by insuf-
flations [54]. Qi et al. (2004) investigated chitosan NP and ChNP loaded with copper
against E. coli, S. aureus, S. choleraesuis, and S. typhimurium, in vitro [8]. According
to the findings, the activity of all the bacteria was suppressed far. Their MBC values
exceeded 1 Ig/ml, and their MIC values were less than 0.25 1g/ml. Aspergillus niger
and Candida albicans were resistant to low-molecular weight ChNP, and Fusarium
solani was resistant to high-molecular weight ChNP [55].

5.2 Wound Dressing

Studies that were done in vivo revealed that wounds closed completely when coated
with the granulocyte—macrophage colony-stimulating factor and sargramostim
chitosan-based nanoparticles composites and complete re-epithelialization after
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13 days and only 70% reduction in wound size was observed when the wound was
treated with normal saline.

Further, as compared to Chi-NPs composite treated wounds, the GM37 CSF-
Chi-NPs treated wounds had enhanced re-epithelialization, lower inflammation, and
fast growth of formation of granular tissue. So, GM-CSF was observed to have an
enhanced effect on the wound healing process [56].

The activity of the nanoparticles in the wound area depends on the size of Chi-
NP. Nanoparticles less than 100 nm can be eliminated from the wound region by
migrating to the systemic circulation. As a result, Chi-NPs having particle sizes of
more than 100 nm can treat the wound more effectively.

The promotion of healing of wounds in a moist environment at the wound site
can be achieved by the application of CSF-Chi-NP. Further, as compared to normal
saline and Chi-NPs, the GM 37-CSF-Chi-NPs composite demonstrated fastened
wound healing, reduction in inflammation, improved granular tissue synthesis, and
reformation of epithelial tissue [56].

5.3 Antibacterial Activity Against Plant Pathogens

Chitosan-based nanoparticles may have a long-term and consistent effect on plant
development and protection. CS has been used to lower the severity of phytopathogen
diseases and to increase plant innate immunity [57, 58]. CS’s antibacterial and
immune-stimulating qualities make it an effective antimicrobial product for the
control of plant diseases. Nanotechnology is a promising field for developing mate-
rials to combat pathogens affecting plants. Cu-CS-NPs are believed to be a promising
composite for an increase in plant growth and protection. They are a very effective
antibacterial agent because of their outstanding ability to endure pathogenic attacks
on plant growth. The inhibition of phytopathogenic bacteria by CS and CS-based
NPs has been studied [59, 60]. 1129 kDa, DD 85 peCS-NPs may have a long-term
and consistent effect on plant growth and development. The bacteria Xanthomonas,
which causes bacterial leaf spots on Euphorbia pulcherrima, was significantly inhib-
ited when treated with chitosan at a dose of 0.10 (mg/mL) [61]. By treating and
soaking of seeds of tomato plants at 10.0 (mg/mL), bacterial wilt caused by Ralstonia
solanacearum was decreased to 48% and 72%, respectively [62]. Similarly, leaf
diseases in rice produced by different species of X. oryzae pv. were suppressed by
treatment of leaves (0.20 mg/mL) with two distinct CS solutions, i.e., solution-A
of MW 1129 kDa, DD 85%, and solution-B of 607 kDa, DD 75% [63]. In another
study, it was found that spraying solution-A on leaves of Acidovorax citrulli which
causes fruit blotch of watermelon reduced the disease severity significantly [64].
The synthesis, evaluation, and testing of the antibacterial efficacy of CS/TiO,
NPs were done in rice pathogen X. oryzae pv. Oryzae by Li et al. [60]. Significant
inhibition of bacteria Xanthomonas species over E. pulcherrima was observed [61].
Further, the severity of bacterial speck disease by P. syringae pv. in tomato was
greatly reduced when tomato seedlings were treated with CS which confirmed the
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role of CS as a non-toxic biopesticide [58]. CS-NPs have high-antibacterial action
against P. fluorescens and Erwinia carotovora, two bacteria that cause soft rot [65].
CS-NPs effectiveness was observed by Esyanti et al. in chili peppers for lowering
the disease severity of X. campestris and so can be considered as a bactericidal agent
[66]. Antibacterial activity of three strains of pathogenic bacteria like E. carotovora
subsp. carotovora and one strain of X. campestris pv. vesicatoria was studied by Oh
et al. [67]. The Ag-NP-CS had remarkable antibacterial activity when tested for R.
solanacearum which causes tomato wilt [68]. It was also observed in another study
that NPs derived from CS including Ag-NPs extracted from leaves were a long-term
and good alternative in agriculture. These findings substantiate the use of CS-NPs
for better crop yield and for the control of phytopathogens without causing any harm
to soil properties or the environment [69]. The potential of ChNP to act as a coating
material for prolonging the shelf life of tomato, chili, and brinjal was also studied.
The addition of ChNP to soil boosts microbial populations while also improving
nutrient availability. ChNP has been approved as a growth promoter, speeding up
seed germination, plant growth, and agricultural yield. ChNP is an antimicrobial
compound that works against a variety of bacteria, viruses, fungi, and bacteria. As a
result, it has the potential to be a viable alternative to many chemical fungicides and
bactericides in the control of many plant diseases. ChNP is a great fruit and vegetable
coating material due to its non-toxicity and biodegradability. Many fruits, including
strawberries, papaya, carrot, cucumber, citrus, apple, kiwifruit, pear, peach, sweet
cherry, and strawberry, may benefit from ChNP coating to extend storage life and
reduce decay. Functional elements such as antibacterial agents and nutraceuticals
could also be included in ChNP coating.

5.4 Antimicrobial Films and the Food Packaging

Chitosan has remarkable antibacterial efficacy due to its polycationic characteristic.
As a result, films based on chitosan have a usage in the food packaging industry, as
they can protect food from microorganisms and ensure food safety. Although chitosan
revealed a broad spectrum of antibacterial action, many factors could influence its
antimicrobial activity. Organic acid, molecular weight, concentration, temperature,
film diameters, microbial type, etc., influenced the antibacterial activity of films made
up of chitosan. In certain cases, the inclusion of other materials, such as Ag-NP and
propolis extract, was required to inhibit the tested microorganisms [70, 71]. The
antibacterial effectiveness of the films formed on chitosan was proved to be different
for gram-negative and gram-positive bacteria and observed to be more effective
in gram-negative bacteria. Furthermore, some studies claim that an increase in the
molecular weight of chitosan enhanced the antibacterial effect of chitosan against
gram-positive bacteria by forming a film that hindered the entry of nutrients into
the bacterial cell [72]. However, the antibacterial action of low-molecular weight
chitosan was increased against gram-negative bacteria because low-MW chitosan
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could easily enter the microbial cell and resulted in the breakdown of metabolism
[73].

There is evidence that the different gram-positive bacteria showed different
antibacterial responses [74]. Due to differences in the outer membrane structure,
Enterococcus faecalis and Listeria monocytogenes were more susceptible than
Staphylococcus aureus to chitosan-based films [72]. Overall, the produced films
demonstrated outstanding antibacterial activity against poisoning microorganisms
such as lactococcus lactis [74] and listeria innocua [75], gram-negative bacteria
Pseudomonas spp. [16-78], Salmonella spp. [79-81], fungal mold [82, 83], and
Candida albicans [84]. There are some distinctions between fungi and bacteria in
terms of antibiotic action. At low temperatures, chitosan inhibits bacteria more effec-
tively than fungus, as per some research. Mold spores were more resistant to cold
temperatures than bacteria. Continuation of germination of mold spores even at low
temperatures was the reason for less fungistasis. Despite the differences, chitosan
films were successful in protecting food from mold.

Therefore, different antimicrobial theories on food state that

1. Chitosan-based films create cellophane-like structures on the food surface, there-
fore acting as a protective barrier and shielding the food from microbial attacks
[85].

2. Chitosan-based coatings can function as an oxygen barrier. Thus, preventing
oxygen transport and so inhibit respiratory activity and bacterial development in
food [82].

3. Chitosan can diffuse into a microbial surface and barrier made from polymer
and create an obstruction. And neither does the membrane chelate nutrients
on bacteria’s surfaces, but it also prevents nutrients and critical components
from entering the microbial cell. This action of chitosan the alters the microbes’
physiological activity and thus kill them [86].

4. Chitosan’s NH3* groups [87] can disrupt the negative phosphoryl groups on the
bacterial cell membrane, causing distortion and then deformation [88, 89].

5. Furthermore, various bacteria were sensitive to the NH3™ groups of chitosan in
diverse ways. Chitosan can permeate through the cell wall, distort the bacterial
membrane, and result in intercellular electrolyte leakage and the death of cells
[90, 91].

6. Chitosan can enter the nucleoid, alter the structure of DNA, and prevent DNA
replication, RNA transcription, and protein translation [92].

7. Chitosan can easily cause chelation of nutrients and critical metals inside bacteria.
The action of these materials can be lost, and the chelation complex will not
be available to microorganisms so limiting microbial development. Chitosan
can cause the formation of chitinase enzymes in fruits, which destroys the
microbial cell walls indirectly. By encouraging the buildup of phenolics and
lignin, chitosan-treated wheat seeds were able to promote resistance to Fusarium
graminearum and increase seed quality [93].
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5.5 Application in Medical Industry

Biocidal polymers are disinfectants that may be integrated into fibers, membranes,
or hydrogels and employed in wound dressings, orthopedic therapies, hemodialysis,
and medication carriers. An authentic dressing material for a wound should be able
to soak released liquid from the affected area, allow for controlled water evaporation,
and prevent microbiological transmission [94]. The candidate’s eligibility and capa-
bility are determined by the antimicrobial property assessment, which is a significant
measure in wound dressing. The use of polysaccharides with hydrogel-forming prop-
erties, such as chitosan, as wound dressing materials, has been deemed beneficial
[95]. The products made from chitosan have attracted a lot of attention in this respect.

Chitosan is available in four different forms that provide antibacterial qualities
to wound dressing material, i.e., fiber, membrane, hydrogel, and sponge. These
methods rely on the chitosan’s physicochemical properties. Wound dressings can
be made using micro- and nanofiber materials. Electrospinning is one of them, and
itis a good way to make continuous polymer threads with nanoscale diameters [96].
Electrospun mats constructed of ultrafine polymer fibers have sparked a lot of atten-
tion due to their unusual qualities like nanosize, more porosity, and high-surface-
to-volume ratio. In another study, the growth of gram-negative and gram-positive
bacteria were found to be inhibited by cross-linked electrospun-like PVC/QCh
(polyvinylpyrroliodone/quaternised chitosan) [97]. PVP and PVA both are indeed
non-toxic, hydrophilic, and biocompatible, with good complex and film-forming
capabilities, making them suitable for wound dressing [14].

5.6 Antibacterial Coating

As discussed earlier, the positive amino group of chitosan can bind with the nega-
tively charged microbial cell membrane. Proteinaceous along with other intracel-
lular substances of the microorganisms pour out as a result. One explanation for
chitosan’s antibacterial effects could be this [98]. The migration of chitosan on the
bacteria’s outer surface is another reason. Polycationic chitosan at the concentration
of 0.2 mg/ml can bind with negatively charged bacterial surfaces and agglutination
can occur. Bacterial surfaces may become positive as a result of the increased number
of positive charges, allowing them to remain in suspension at higher concentrations
[99, 100]. Chitosan causes Pythium oaroecandrum to lose a large quantity of protein
content when grown at pH 5.8, as per UV absorption measurements [101]. Chitosan’s
chelating property helps it to bind with metals and inhibits the formation of toxic
chemicals and thus stops the multiplication of microbes. It can serve as a water
binder and also block certain enzymes by inducing host tissue defense mechanisms.
As a result of its penetration into the microorganism’s nuclei interference occurs
with transcription and translation [20]. The antibacterial activity of chitosan may be
influenced by its own structure, degree of its polymerization, nature of the host, the
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natural nutrient constituents, the chemical makeup of the substrates, and the variables
of the environment. Antimicrobial compounds have been used to cover surfaces in
order to prevent the development of pathogenic bacteria.

Chitosan is still used as an antimicrobial film due to its biocompatibility,
biodegradability, antibacterial effect, and cytotoxicity [99]. Acidic solutions as
compared to neutral and alkaline environments result in the grabbing of dye at higher
levels [102]. In acidic solutions, protonation of amino groups of chitosan molecules
to produce —-NH3™" groups can occur easily as a large number of protons are available
[103, 104].

According to the researchers, the diameter of pores in chitosan beads or their
number was decreased by chemical crosslinking. As a result, the transfer of the
dye molecule over chitosan was more challenging [100, 102]. Chitosan was used
to transform an acrylic resin into an antibacterial covering material. Chitosan was
injected into the polymer matrix in two states: solid (powders) and colloid (liquid).
The purpose was to establish a homogeneous particle dispersion and to improve
particle influence by increasing the number of contact sites.

5.7 Application Against Various Detrimental Bacteria
(Animal Pathogens)

The antimicrobial activity of CS-NPs against many pathogenic microorganisms is
broad. Ikono et al. 2009 [105] investigated the effects of CS-NP on Streptococcus
mutans, a dental caries-associated bacterium. The viability of cells reduced consid-
erably with increasing nanoparticle concentrations after CS-NP treatment. Cu-CS-
NPs were also tested for antibacterial activities against S. mutans [106] Cu-CS-NPs
outperformed Cu-NPs in terms of MIC and MBC [107, 108]. Cu-CS-NPs were
found to be effective at disrupting S. mutans adhesion and biofilm formation [109,
110]. Cu-CS-NPs had a bactericidal effect and were more effective at inhibiting
the development of S. mutans over the surface and disrupting the biofilm of human
teeth [105]. Cu-CS-NPs’ bactericidal capabilities should make it a good material for
further research into tooth plaque therapies. Hipalaswins et al. reported the antibacte-
rial action of synthesized CS-NPs against clinically harmful bacterial strains such E.
coli MTTC 1687, Enterobacter aerogenes MTCC 111, K. pneumoniae MTTC 109,
P. fluorescens MTCC 1748, Proteus mirabilis MTCC 1429, and S. aureus MTCC
7443 [111]. The most sensitive bacteria were E. Coli, E. aerogenes, P. fluorescens,
K. pneumoniae, and P. mirabilis. The least harmful to the CS-NPs was S. aereus. G-
bacteria were more effectively suppressed with CS-NP than G+ bacteria in antibacte-
rial experiments. Antibacterial activity against antibiotic-resistant G+ S. pneumonia
was tested with the use of CS-NPs and a CS-NP-amoxicillin complex by Nguyen
etal. [112].

In comparison with CS-NPs and amoxicillin alone, the CS-NP—amoxicillin injec-
tion had higher antibacterial activity. CS—-NP Amoxicillin complex was observed to
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be three times more effective than amoxicillin and prevented the growth of S. pneu-
moniae. Antibacterial action of CS-NP mixed with lime oil was observed against four
foodborne pathogens [113], i.e., S. aureus, E. Coli, L. monocytogenes, and Shigella
dysenteriae. The nanocarriers to treat S. aureus were found to be S. dysenteriae [114].

According to Tamaraet al. [115], CS hybridized with protamine had more antibac-
terial activity against E. coli than B. cereus. CS-NPs loaded with curcumin could also
be employed to deliver drugs and as a method to specifically activate antibacterial
mechanisms. In mice, curcumin-loaded CS-NPs hindered the development of S.
aureus and P. aeruginosa infections [116].

Four clinically isolated S. epidermidis were tested with AMP temporin B (TB)-CS-
NPs. CS-NPs showed bactericidal activity within 24 h of incubation and significantly
reduced the initial inoculum. Following that, Temporin B was spread across the
surface of bacteria, significantly reducing cell viability [117]. It was discovered
that CS-NPs inhibited the development of mesophilic bacteria when compared to
a conventional coating [63]. The CS-based NPs (110 nm) coating was shown to be
significantly more effective in inhibiting microbial growth than conventional coatings
(300 nm). There were no pathogenic Salmonella sp. or fecal coliforms detected as
a consequence. This analysis shows the use of CS-NPs as edible coatings to limit
bacterial growth in fruits and vegetables. As a result, the smaller the NPs are the
greater their mobility and surface contact, resulting in increased antibacterial efficacy
against animal diseases.

6 Conclusions and Future Outlook

Due to its variety of potential uses and specific features, chitosan has received
much interest and attention in recent years. The number of studies on its antibacte-
rial properties is rapidly increasing. Non-toxic and biodegradable compounds from
‘natural sources’ will become increasingly desirable as a replacement for synthetic
compounds due to their wide range of applications and people’s environmental
consciousness. Chitosan is different from other antibacterial compounds as it is harm-
less, non-toxic, and environment-friendly. People will be healthier if we use this stuff
at various periods in our lives. As a consequence, due to its antibacterial capabil-
ities, it is required to enhance research on this molecule, which will necessitate a
mix of disciplines such as Nanotechnology, Physics, Chemistry, Bioinformatics, and
Genetics. This will be advantageous for the production of novel biomedicine and the
exploration of new antibacterial drugs. Future research could focus on using chitosan
in the form of composites to deter lower pH values, as chitosan in solution is employed
in an acidic environment. Clarification of the molecular mechanisms and their perfor-
mance in chitosan’s antibacterial action will be advantageous. To date, most research
has been conducted in vitro; thus, in situ investigations are essential to developing
solutions and alternatives to the issues which both the agricultural and medical areas
confront. It is still not known how chitosan-based nanoparticles act against bacteria;
thus, it necessitates continued research in the current scenario. Furthermore, it is
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critical to continue to observe and assess the toxicity associated with the use of
chitosan-based nanoparticles when acting against bacteria, as well as to dispense
guidance on the regulations and procedures that govern their use and application.
To fill the information gap in chitosan-based nanoparticles’ antibacterial activity, the
following sorts of investigations must be conducted: (1) Determining why chitosan-
based nanoparticles are more efficient against gram-negative bacteria as compared
to gram-positive bacteria and what is the underlying mechanism; (2) determining
why chitosan with medium molecular weight is more effective against bacteria than
chitosan with high-molecular weight; (3) designing the technique to reduce the toxi-
city associated with the synthesis chitosan-based nanoparticles attached to metals
and hybrid chitosan-based nanoparticles. These findings will help in the creation of
anew class of medicines with efficient and novel antibacterial properties that will be
applicable to both animal and plant research.
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Chapter 11 )
Biomedical Application ekl
of Chitosan-Based Nanocomposites

as Antifungal Agents

Richa Arora and Upasana Issar

Abstract Chitosan is the second most abundant natural biopolymer that possesses
immense applications in the food and agriculture sector, pharmaceuticals, biomedical
field, textile industries, etc. The inherent properties of chitosan are enhanced by
making its blend with other polymers, metal/metal oxide nanomaterials, essential or
non-essential oils, plant extracts, etc. This functionalization of chitosan depends on
the concentration, pH, molecular weight, degree of deacetylation of chitosan, and
also on the type of functionality. The prepared chitosan-based nanocomposites are
shown to possess antifungal activities. The chitosan metal or metal oxide nanoparticle
composite is active against a variety of fungal strains. A lot of modulations are
being done on the chitosan nanocomposite with the aim to obtain a robust bio-
nanocomposite that effectively inhibits the fungal growth.
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Abbreviations

CMC Carboxymethyl cellulose

EVA Poly(ethylene-co-vinyl acetate)

FDA Food and Drug Administration

GRAS Generally recognized as safe

ID Iprodione

MMT Multifunctional montmorillonite
PEG/PCL  Poly(ethylene glycol)-poly(e-caprolactone)
ROS Reactive oxygen species

SEP Sepiolite

1 Introduction

Chitosan is the second most abundant biopolymer that contains D-glucosamine and
N-acetyl-D-glucosamine linked via p-1,4 glycosidic bonds. It is derived from the
deacetylation of chitin. Chitin is obtained from the exoskeleton of arthropods and is
the main ingredient of crustacean shells, fungi, and insects. Though chitosan in itself
possesses valuable characteristics and hence has been used in the field of biotech-
nology and pharmaceutical [1], still, there are certain drawbacks associated with it
that need attention. Chitosan displays poor mechanical strength with low gas/vapor
permeability. Being a cationic polymer, chitosan is unstable in the solution having
variable pH and ionic strength. The presence of various functional groups on the
backbone of chitosan makes it highly vulnerable the attack by other moieties such
as polymer and metal ions forming bio-nanocomposites [2]. These chitosan-based
nanocomposites are prepared to improve the intrinsic properties of chitosan. Cellu-
lose nanomaterials are used to improve the mechanical properties of chitosan, while
nanometals such as copper, silver, zinc, and zinc oxide add to the antimicrobial prop-
erties of chitosan [3—8]. Moreover, there are plant extracts and essential oils that are
added to chitosan to improve its biocompatibility. Fungal infections are considered
the most dangerous infections for agricultural crops [9]. If infected, it is also respon-
sible for the early decay of stored food and harvested crops [10]. There are nearly
300 metabolites of fungi that are reported to be hazardous to animals as well as
humans [11]. In order to eradicate fungal infections, a lot of chemical fungicides are
used. However, conventional fungicides are harmful and pose serious environmental
and health concerns [12]. Natural biopolymers which are biodegradable and biocom-
patible such as chitin, chitosan, and cellulose have been tested for their fungicidal
properties. Chitosan has been shown to possess antifungal potency against fungal
strains such as Aspergillus niger, Alternaria alternata, Phomopsis asparagi, Rhizopus
oryzae, and Rhizopus stolonifera [13—15]. The antifungal activity of chitosan and its
derivatives are affected by the type of substituent, type of fungi, molecular weight,
concentration, and pH [15-19]. The main reason behind the antifungal activity of
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chitosan and its derivatives is their polycationic nature. The cationic backbone of
chitosan interacts with the negatively charged phospholipid membrane of fungi. This
interaction makes the membrane thin (increases the permeability) thereby causing
leakage of cellular fluids from the cell leading to cell death [20, 21]. Chitosan can also
bind with the metal/trace elements present in the fungi cell leading to the deficiency
of essential nutrients required for the healthy growth of fungi cells [22]. There are
reports that chitosan can also penetrate the fungi cell wall to bind with its DNA. This
interaction with DNA hinders the translation and transcription process and thereby
disrupts the cell growth cycle [23]. Chitosan-based nanocomposites display a wide
range of applications. However, this chapter specifically focuses on the antifungal
properties shown by chitosan-based nanocomposites. We aim to cover its applica-
tions in the biomedical field, in agriculture, in food packaging, as a food preservative,
as a paper preservative, in the maritime industry, etc.

2 Antifungal Properties of Chitosan-Based Nanocomposites

Over the years, chitosan—silver nanoparticle composites have shown greater potency
toward many fungi. A study comprising of greener route of synthesis of chitosan—
silver nanocomposites without using a chemical reducing agent showed enhanced
anticandidal properties in comparison to the precursor chitosan. The prepared
composite particles are small in size with a high zeta potential value and low
quantity of silver nanoparticles making them unique [24]. In another study, an
improved synthetic route is proposed for the synthesis of ascorbic acid-chitosan—
silver nanocomposites in order to develop a film that can display good antimicrobial
activity and is also non-toxic to humans cells. Chitosan is a sought-after biopolymer
owing to its intermediate average molecular weight and a high degree of deacety-
lation. Ascorbic acid acts as a reducing as well as a stabilizing agent. The resultant
solid composite shows high antibacterial and antifungal activity against strains such
as E. Coli and Candida albicans. This way of production of composite is unique as it
ensures controlled release of silver atoms from the silver nanoparticles layer which
is finely distributed on the polymer matrix of chitosan allowing complete disruption
of biofilm of fungal strains. This methodology could prove to be helpful in biomed-
ical industries in the future [25]. Following the green chemistry principles, Zdenka
Markova and co-workers synthesized magnetic nanocomposites of chitosan, silver
nanoparticles, and magnetic nanoparticles extracted from magnetotactic bacteria,
that display antifungal activity against four Candida species [26].

Candida albicans is an opportunistic fungus that usually occupies and spread over
the skin. It also attacks the moist mucosal lining of body organs and cavities such
as the mouth, vagina, and stool [27]. In order to inhibit the growth of these fungi,
copper-silver—chitosan nanocomposites were synthesized. Initially, silver, copper,
and chitosan nanoparticles were synthesized individually, and then, these were mixed
to get the desired nanocomposite. The antifungal activity of this nanocomposite was
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tested on C. albicans. The study revealed that the copper—silver—chitosan nanocom-
posite displayed comparable antifungal activity with Amphotericin B (a common
FDA-approved drug for the treatment of fungal infection) [28]. A greener synthetic
route was adopted for the preparation of gold nanoparticles and chitosan nanocom-
posite. A chitosan—gold nanocomposite is prepared from chitosan and gold chlo-
ride trihydrate in the absence of a reducing agent. The antifungal activity of these
nanocomposites was tested against C. albicans. This pathogen at tested concentration
had the tendency to pass through the muscle tissue of zebrafish. However, results
showed that the chitosan—gold nanoparticle nanocomposite displayed substantial
damage to the plasma membrane of C. albicans. The treatment with this chitosan—
gold nanocomposite acts upon candidiasis and enhances the survival of zebrafish
[29].

Silver—chitosan—sepiolite (SEP) nanocomposite synergistically displays excel-
lent antimicrobial properties. According to the proposed mechanism (Fig. 1), the
amine group in the nanocomposite reacts with Ag* and helps in the formation of
silver nanoparticles and silver—chitosan nanocomposite [30, 31]. This silver—chitosan
complex reacts favorably with the negatively charged fungi cell wall. This interaction
changes the permeability of the cell wall and makes chitosan, silver nanoparticles,
and their complex enter the cell wall smoothly without destroying it. The presence of
-NH; and -OH groups on chitosan help in the controlled dispersion of silver nanopar-
ticles on the chitosan—SEP surface [32]. Within the cell, chitosan—silver nanocom-
posite induces the production of reactive oxygen species (ROSs). These produced
ROS immediately attacks the DNA/RNA/proteins of the cell, thereby disrupting the
entire cell membrane [33]. In all, the prepared chitosan—silver—SEP nanocomposite
does not directly disrupts the cell wall of Aspergillus niger but rather increases the
level of ROS which in turn destroys the cell membrane structure. The hybrid struc-
ture thus promises to be an effective material for antimicrobial activity [34]. Another
study reports the antifungal activity of chitosan—Foeniculum vulgare Mill. essential
oil nanocomposite. It has been found that the coating of the prepared nanocomposite
on S. bicolor seeds protects the seeds from pathogens viz. A. flavus and aflatoxin B1.
Here, the chitosan nano-matrix acts as a carrier in transporting essential oil having
antifungal properties in the food system [35]. In another work, chitosan nanocom-
posite was prepared by mixing carboxymethyl cellulose (CMC), oleic acid, and
zinc oxide nanoparticles. Chitosan is an excellent biopolymer with a high barrier
to oxygen and carbon dioxide and hence is used as an active packaging material
[36]. However, its low water barrier property imposes a certain restriction on its use
[37]. This can be slightly overcome by blending chitosan with water-soluble CMC
which improves the appearance of chitosan films and reduces water barrier capacity
to a certain extent [38]. Despite this, the chitosan—-CMC blend is sensitive to the
water, and therefore, some lipophilic moiety has to be introduced to overcome this
problem [37]. Oleic acid can be used for this purpose. The prepared nanocomposite
of the chitosan-CMC-oleic acid-ZnO nanoparticle is found to be stable, transparent,
and inhibits the Aspergillus niger fungal growth. Therefore, this blend can effec-
tively be used in food preservation [39]. In fact, only, chitosan—ZnO nanocomposite
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Fig. 1 Proposed antifungal action of chitosan—silver—sepiolite nanocomposite. Reprinted with
permission from [34]. Copyright (2022) Elsevier

also displays strong antifungal activity against C. albicans in comparison to ZnO
nanoparticles [40].

A biocompatible nanocomposite made up of molybdenum diselenide (MoSe,)
nanosheets and cationic chitosan show exceptional antifungal activity tested against
many unicellular fungal strains. The minimum fungicidal concentration was found
to be between 0.5 to 75 wg ml™'. The activity of this nanocomposite was found
to be better than other counter-nanomaterial antifungal agents containing graphene
or silver nanoparticles. The mechanism of action revealed that the nanocomposite
depolarises and disrupts the cell membrane within three hours of inception. The
MoSe;,—chitosan nanocomposite also shows high antifungal activity against multi-
drug resistant fungi strain Candida auris [41].

Chitosan—silver nanocomposite, prepared using a greener route, shows antifungal
activity against chickpea wilt (Fusarium oxysporum f. sp. ciceris) [42]. Over the
last decade, special attention has been given to introducing metallic nanoparticles
in chitosan creating a nanocomposite that strengthens the biopolymer matrix of
chitosan. These metals include silver, gold, copper, and zinc [43, 44]. Mohamed
and Madian [45] employed a greener route for the synthesis of silver nanoparticles.
They utilized aloe vera plant extract in the synthesis of silver nanoparticles. The
mechanical and antifungal activity of chitosan—silver nanocomposite is tested against
Staphylococcus aureus and Candida albicans. The results show that the incorporation
of silver nanoparticles in chitosan not only inhibits the growth of these strains but
also improves the tensile strength and structural property of the chitosan matrix [45].

Hossain et al. [46] studied the antifungal activities of essential oils encapsu-
lated chitosan nanocomposite films against Aspergillus niger, Aspergillus flavus,
Aspergillus parasiticus, and Penicillium chrysogenum. The results show that this
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nanocomposite shows fungal growth reduction up to 51-77%. Chitosan nanoparticles
and chitosan—silver nanocomposite display potential activity against F. oxysporum.
These fungi have been reported to be responsible for the adverse infection in several
aquatic animals [47, 48] as well as in humans [49]. The result of chitosan—silver
nanocomposite on the growth of F. oxysporum reveals the effective breakdown of
mycelium surface and disintegration of the cell [29]. In another work, a nanocom-
posite comprising chitosan—silver—zinc oxide nanoparticles was tested on bacterial
and fungal strains. It is found that this nanocomposite shows effective control of
fungal C. albicans growth [50]. The oxide of cerium (CeO,) and sulfide of antimony
(Sb;S3) in conjugation with chitosan—starch nanoparticles is also found to possess
antifungal activity [51].

3 Chitosan-Based Nanocomposites Displaying Antifungal
Activity in Agriculture

According to United Nations, approximately, half of the globally produced fruits
and vegetables are wasted every year (https://www.unep.org/thinkeatsave/get-inf
ormed/worldwide-food-waste). Among various factors responsible, the major factor
is the lack of storage provisions for food crops. The storage pathogens destroy
fruits and vegetables to a significant level and hence must be addressed. Chitosan
and its derivatives are the most significant materials in the field of agricultural
nanotechnology owing to their biodegradable, non-toxic, and antimicrobial nature.
Moreover, the antifungal activity of the chitosan family is due to the favorable
interaction of its cationic amino group with the negative cell membrane of the
pathogen [52-56]. All these applications are favorable when the amount of chitosan
is within limits as the bulk chitosan becomes less soluble in water and therefore
does not display antifungal activity to that extent [57]. Chitosan—sodium montmoril-
lonite, chitosan—polyaniline, and chitosan—polyaniline—-montmorillonite nanocom-
posites are used to load two antifungal agents, viz., vanillin and cinnamaldehyde.
It has been reported that the release of vanillin and cinnamaldehyde depends on
the rate of accumulation of these compounds on various nanocomposites. When
these are tested for the antifungal activity against Fusarium oxysporum and Pythium
debaryanum, chitosan—polyaniline—cinnamaldehyde and Chitosan—sodium montmo-
rillonite—cinnamaldehyde displayed effective pathogen in tomato seedlings. There-
fore, these chitosan-based bio-nanocomposites are sustainable and eco-friendly and
can be used as a promising candidate against fungal infections in tomato seedlings
[58]. Combating plant diseases and managing them requires proper planning and
environment-friendly strategies. Exhaustive literature is available on the use of
nanotechnology in addressing plant fungal diseases. Initially, metal nanoparticles
were used to treat these infections [59-64]. But lately, due to reports on toxicity in
plants and instability of these metal nanoparticles, their use has been reduced [65—
70]. Chitosan being biocompatible displays antifungal properties and can be used
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in agricultural technology. Over the years, chitosan has been exploited for its anti-
fungal properties yet there are few limitations associated with its direct use. Chitosan
is soluble in an acidic medium and displays antimicrobial properties in acidic solu-
tions. Since the microorganisms grow in a neutral pH medium, it is important for
chitosan to work under these conditions. Cationic modifications on chitosan some-
what solve this problem as these chitosan derivatives are soluble in quite a wide
range of pH [52-54, 56, 71]. Copper—chitosan nanocomposites are synthesized, and
their antifungal properties are investigated in tomatoes (Solanum lycopersicum Mill).
Results show that Cu—chitosan nanoparticles display antifungal potency against two
diseases of tomato crop, viz., early blight and Fusarium wilt [72]. In recent work, a
nanocomposite made from cellulose nanocrystals—chitosan nanoparticles uploaded
on polyvinyl alcohol matrix was studied for obtaining a greener packaging mate-
rial. The resultant blend displays good thermal stability and biodegradability. It
also displays exceptional antifungal activity against post-harvest microorganisms
making it suitable for use in the food packaging industry [73]. Lately, Xiao and
co-workers prepared a nanocomposite consisting of poly(ethylene-co-vinyl acetate)
(EVA) on a chitosan surface and then incorporated it on iprodione (ID) encapsulated
in poly(ethylene glycol)-poly(e-caprolactone) (PEG/PCL) (Fig. 2). This assembly is
shown to have antifungal activity. When this was tested as a pre-harvest spray on
grapes, the quality of fruit was improved a lot. This material can be utilized more in
agriculture to reduce the use of harmful pesticides [74].

Chitosan-silica nanocomposites are proposed as an alternative to treat plant
diseases. The antifungal activity of this nanocomposite against Botrytis cinerea
is investigated. B. cinerea (gray mold) is a destructive fungus that affects many
plant species, especially wine grapes. The experimental observations on both arti-
ficial and natural infections in table grapes reveal that chitosan—silica nanocom-
posite 100% reduces the fungal growth. This study opens an alternative path for
the use of bio-nanocomposite as a fungicide in controlling gray mold growth on
table grapes keeping the quality of fruit intact [75]. In another work, Colletotrichum
coccodes, Aspergillus niger, and Pyricularia sp agricultural pathogens are treated
using magnetic chitosan-based nanocomposite. These nanocomposites are made up
of Fe;O4—chitosan—silver nanoparticles. In this study, the chitosan is made from the
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Fig. 2 EVA-—chitosan nanocomposite on ID-PEG/PCL nanomiscelle. Reprinted with permission
from [74]. Copyright (2020) Elsevier
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fish industry waste and then treated with Fe;Oy4. Thereafter, the silver nanoparti-
cles are loaded onto the exterior of this whole assembly. The prepared magnetic
nanocomposite displays excellent antifungal properties and hence can be utilized
in agricultural applications [76]. Linalool is spicy and floral terpene alcohol with a
tertiary and acyclic structure. It is present in more than 200 plants including citrus
fruits and lavender. It also possesses antifungal, anti-inflammatory, anticancer, and
analgesic properties [77]. In one of the studies linalool incorporated in chitosan, the
nanocomposite is used to develop a system that effectively inhibits fungal infection,
aflatoxin B1 contamination, and lipid peroxidation in stored rice. It is found that this
nanocomposite acts as an eco-friendly and smart preservative in agricultural indus-
tries [78]. A nanoemulsion is made from chitosan, and essential oils are also used in
inhibiting the fungal growth in stored rice. It also reduces the aflatoxin B1 secretion
and lipid peroxidation in it. The essential oils chosen are Pimpinella anisum and
Coriandrum sativum [79].

Blending chitosan with metal nanoparticles not only synergistically improves
its antimicrobial properties but also helps in the reduction of the toxic effects
of metal nanoparticles [80]. Therefore, making a nanocomposite of chitosan with
metal nanoparticles improves its fungicidal activity [72]. Chitosan—copper oxide
and chitosan—zinc oxide nanocomposite are used in treating fungal infections in
chickpea. Fusarium oxysporum f. sp. Cicero is a common fungus that attacks the
growth of the chickpea plant [81, 82]. It is a seed and soil-born disease called
Fusarium wilt disease. The results report that the introduction of Chitosan—copper
oxide and chitosan—zinc oxide nanocomposite not only reduces the wilt disease but
also increases the healthy growth of the chickpea plant [83]. Moreover, antifungal
properties of chitosan-silver nanoparticle composites have also been used on chickpea
seeds [84]. There is a synergistic relation between copper and chitosan that controls
the growth of F. gramimearum [85]. The redox properties of copper are responsible
for producing reactive hydroxyl radicals in fungi cells which ultimately disrupt the
growth/functioning of fungi [86].

4 Antifungal Activity of Chitosan-Based Nanocomposites
in Food Packaging Industries

Food packaging is a significant aspect of storing food and increasing its shelf life. It
is important to store the food in such material that keeps the food fresh and inhibits
the bacterial and fungal attacks on it for a substantial period of time. Worldwide, the
food packaging industry is dominated by the use of petroleum-based products. These
plastics generate serious environmental hazards, and hence, there is an urgent need to
use materials made up of biodegradable polymers. Chitosan and its derivatives have
been studied in this regard as they display antifungal and antibacterial properties.
These are also non-toxic and biodegradable in nature. It has been found that chitosan
derivatives inhibit sporangia germination and mycelium growth in fungi [16, 54,
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87-90]. However, some of the drawbacks such as the small retention time of coating
on fruits and vegetables and low mechanical properties (tensile strength, elasticity,
etc.) [91, 92] many other chitosan composites are explored. These chitosan-based
nanocomposites are believed to improve the properties of chitosan synergistically
thus increasing the application scope of this biopolymer [93].

The antimicrobial properties of chitosan have been found to increase with the
addition of fruit extracts and essential oils. The major challenge encountered by
the food packaging industry is to prepare the material used in a coating that shows
resistance to microbial growth. Nowadays, microorganisms are becoming more and
more resistant to antibiotics and antifungal agents. A worldwide serious problem is a
foodborne disease arising from contamination in food thereby producing pathogens.
Researchers have constantly worked on the materials/coating that display effective
antimicrobial activity without causing any major side effects of pollution in the
environment. In this regard, a greener synthetic route was employed to develop a
nanocomposite comprising silver nanoparticles and chitosan. One-pot synthesis of
nanocomposite comprised of silver nitrate mixed with N-quaternized chitosan and
N,N, N-trimethyl chitosan chloride. These water-soluble chitosan derivates act as
reducing as well as a stabilizing agents during the synthesis of silver nanoparti-
cles. The results show the successful formation of a layer of silver nanoparticles on
the N,N,N-trimethyl chitosan chloride surface as well as in the polymeric matrix.
Antimicrobial activity of prepared nanocomposite against Salmonella Typhimurium
bacteria, Bacillus subtilis bacteria, and Aspergillus fumigatus fungus revealed effec-
tive inhibition in the growth of these pathogens. In fact, the study shows that the
silver nanoparticle—chitosan derivate is a better antimicrobial agent in comparison
to N,N, N-trimethyl chitosan chloride. Therefore, this eco-friendly method can be
adopted for food preservation [94]. An edible antifungal coating film is made from
chitosan-zinc oxide nanoparticles and Indonesian sandalwood oil to investigate the
growth of Penicillium italicum. Zinc oxide nanoparticles have attained “generally
recognized as safe” (GRAS) status due to their low toxicity, antimicrobial property,
and biocompatibility [95]. Hence, it displays great utility in food processing and
agriculture. In sandalwood oil, the presence of a- and B-santalol have proven to be
responsible for inhibiting the growth of fungi such as T. mentagrophytes [96], M.
canis [97], and T. rubrum [98]. Therefore, the amalgamation of ZnO nanoparticles
with chitosan-sandalwood oil presents large scope in the food packaging industry.
The results show inhibition of mycelium growth as well as spore germination of Peni-
cillium italicum by the prepared nanocomposite. The coating of the film is applied
to tangerine fruits, and it is observed that the nanocomposite protected the fruit from
blue mold fungal decay [99]. In another study, a nanocomposite biofilm is made
from corn starch, chitosan, nanoclay, sorbitol, and grapefruit seed extract. The aim
of taking so many important constituents is to extract peculiar properties from each
constituent. The prepared bio-nanocomposite film displays best in class crystallinity,
tensile strength, and thermal stability. This film effectively inhibited the fungal growth
on the food sample for up to 20 days in comparison to the synthetic plastic film which
displayed the inhibition for up to only 6 days. Therefore, corn starch—chitosan—
nanoclay—sorbitol-grapefruit seed extract bio-nano composite coating increases the
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shelf life and quality of food and hence can be used as a potential material in the
food packaging industry [100]. Coating by bio-nanocomposite-based essential oils
(extracted from plants) shows the reduction in contamination and spread of fungal
infections in processed food [101]. The nanocomposite films made up of cellulose
nanocrystal, chitosan, and essential oils of oregano, thyme, tea tree, and pepper-
mint were investigated for their antifungal activities. The results revealed that these
bio-nanocomposite films displayed an insignificant change in color, odor, taste, and
quality of food. This indicates that these films exhibit controlled fungal growth in
stored food items and hence can be utilized in food storage industries [46]. Chitosan-
derived carbon-quantum dots have been synthesized using a greener methodology.
The hydrothermal approach is utilized to prepare a stable 7.8-nm-sized quantum dot.
This prepared carbon-quantum dot loaded over CMC is tested against fungal strains
A. niger and P. chrysogenum. The prepared material shows great antifungal activity
tested over lemon fruit. Coating from this film protected the lemon fruit from mold
growth for about 21 days thereby increasing its shelf life [102].

S Biomedical Applications of Chitosan-Based
Nanocomposites as Antifungal Agents

Wound healing is a critical process, and its ignorance could lead to severe bacterial
and fungal infections leading to huge damage to the injured area. It has been shown
that wounds of low exuding can be healed effectively by thin-layer polymer films
having low swelling properties, while wounds of high exuding can be treated with
polymer films having gel-forming properties [103]. There is another kind of water-
non-soluble polymeric film that can be utilized as a wound dressing. These are
crosslinked films that are made up of materials in between solid and liquid and can
take up more water from the wound. This is done by forming a three-dimensional
polymeric network around the wound thereby preventing the leakage of water from
it [104]. Biopolymers like gelatin, cellulose, chitin, chitosan, and pectin have gained
enormous popularity in the manufacturing of wound dressing material as these are
all hydrophilic carbohydrate polymers. Chitosan is one of the most widely used
carbohydrate polymers owing to the presence of polar amino functional groups in
it [105]. It is biocompatible and has antimicrobial properties making it useful in
biomedical applications [106].

Among several benefits of chitosan, there is one limitation associated with its use.
It is due to the minute amount of acetic acid that remains in the network of chitosan
which causes irritation/itching in the wound [107]. To overcome this issue, scientists
tried to modify chitosan by adding quaternary groups to it, making the polysaccharide
backbone more water-soluble even in the high pH range [108—110]. Furthermore,
the wound dressing abilities of quaternary chitosan derivatives can be enhanced by
introducing metal or metal oxide nanoparticles components to it. Traditionally, silver
or zinc oxide nanoparticles have been used in wound dressing applications due to their
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high antimicrobial potency [7, 111-116]. A nanocomposite made from quaternized
chitosan, multifunctional montmorillonite (MMT) nanosheet, 5-fluorocytosine, and
metallic copper ions has shown to powerfully inhibit the activities of S. aureus, E.
coli, and C. albicans. Copper ions coordinate with 5-fluoro cytosine and deposit on
quaternised chitosan. This whole assembly then attaches with MMT forming the
desired nanocomposite. The formed nanocomposite shows the enhanced killing of
various microorganisms and also displays extended continuous release inhibition.
Therefore, these can be used in diverse infections in wounds [117].

In another study quaternised imidazolium—chitosan and silver nanoparticle
composites are used in wound dressing to effectively treat the microbial infections on
wounds. The nanocomposites were tested on E. Coli, S. aureus, P. aeruginosa, C. albi-
cans, and a multi-drug-resistance P. aeruginosa. The results showed that both quater-
nized chitosan film, as well as its silver nanocomposite, showed good antimicrobial
activities [118].

Chitosan helps in the natural coagulation process by stopping the nerve endings.
This hemostatic property is essential for it to be a potential material in wound manage-
ment [119, 120]. The positively charged amine groups in chitosan can attract nega-
tively charged species as well as various antibodies present in blood and then exudate.
Proof of this can be seen from the fact that there are Food and Drug Administration
(FDA) approved drugs such as ChitoGauze and ChitoFlex, which are currently being
employed in clinical use for wound dressing, are all chitosan based.

The addition of nanomaterial such as silver or zinc oxide to chitosan further
enhances the applications of chitosan. The chitosan—zinc oxide nanocomposite has
been found to increase antimicrobial activity. ZnO nanoparticles improve the flexi-
bility and tensile strength of dressing making the nanocomposite more robust [121].
Another metal nanoparticle that has been studied for wound healing applications is
the copper nanoparticles. These nanoparticles have been shown to control cytokines
and growth factors responsible for wound infection in a much better way than simple
copper ions. The amalgamation of chitosan and copper nanoparticles can certainly
enhance the wound healing potential, and therefore, [122] prepared and studied
chitosan-based copper nanocomposite on wounds in rats. The results showed that
the combination of copper nanoparticles and chitosan promotes hemostasis, inflam-
mation, proliferation, and remodeling phases of the wound healing process and helps
in modulating the cytokines and growth factors systematically [122].

There is a lot of significance of chitosan-based nanocomposite in dentistry. False
teeth or artificial dentures are made up of various dental materials such as nylon,
plastic, or acrylic resins and are fixed very carefully in the mouth. On facing any
difficulty in removing these dentures from the mouth, the tissue conditioners are
applied to the mucus surface of the dentures. These conditioners act as a buffer and
help in the smooth removal and placement of dentures in the mouth when needed
[123]. In healthy humans, it is normal to have a small amount of fungus Candida
albicans in the oral cavity [124]. However, in denture wearers and also in individuals
with poor oral hygiene, the magnitude of this fungal infection increases rapidly
causing denture stomatitis. Especially, the large accumulation of this fungus takes
place on the tissue-fitting lining of the denture base in denture wearers causing severe
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Fig. 3 Molecular structure of chitosan (a), CMC (b) and scleroglucan (c¢). Reprinted with
permission from Bozoglan et al. [130]. Copyright (2021) Elsevier

fungal infection [125]. In this regard, the addition of chitosan nanoparticles in tissue
conditioners has been tested for their antibacterial and antifungal properties. The
results showed that a concentration of 5 to 10% of chitosan nanoparticles in a tissue
conditioner is sufficient in inhibiting the complete growth of all microorganisms
[126]. Another application of chitosan-based nanocomposite is its use in the treatment
of onychomycosis. Onychomycosis is a fungal disease of nails where the fungi from
the families of dermatophytes, yeasts, and non-dermophytes attack nails resulting in
their discoloration, splitting, and roughening. Moreover, the subungual thickening
under the nail plate results in the dispositioning or lifting of the nail bed. This is
known as onycholysis [127-129]. In order to treat this fungal infection, hydrogels
are being utilized. Hydrogels are made up of polymers that are hydrophilic in nature.
It has a three-dimensional structure with large porosity, swelling characteristics, and
good biocompatibility.

Recently, Bozoglan and co-workers synthesized a hydrogel containing chitosan,
carboxymethylcellulose, and scleroglucan (Fig. 3).

The hydrogel is then taken on a montmorillonite nanosheet making a chitosan—
carboxymethylcellulose—scleroglucan—-montmorillonite nanocomposite. The formed
nanocomposite is found to be thermosensitive. Moreover, the drug-releasing ability
of nanocomposites was tested by taking oxiconazole nitrate, an antifungal drug,
loaded on nanocomposites differing in montmorillonite concentration. It is found
that controlled release of the drug could be made by altering the montmorillonite
concentration in the hydrogel system. The drug-loaded nanocomposite displays bril-
liant antifungal properties against dermatophytes. One of the major findings of this
work is that the smart hydrogels display the ability to alter their physical form when
applied to the nail. It is found that these hydrogel nanocomposites get converted from
liquid to gel revealing their thermosensitive character and making them potential
candidates for the treatment of onychomycosis [130].
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6 Chitosan-Based Nanocomposites Displaying Antifungal
Activity in the Maritime Sector

Biofouling in marine is a process of accumulation of marine plants, algae, and animal
waste on unwanted surfaces. This is a global concern as it affects the maritime
industry on a larger scale. To remove biofouling, coating with antifouling agents is
done. Conventional antifouling agents are toxic paints that harm marine life. In this
regard, eco-friendly chitosan—zinc oxide nanocomposites are developed and exam-
ined for the antifouling properties against Navicula sp. and antibacterial potency
against marine bacterium Pseudoalteromonas nigrifaciens. The results showed that
the growth of biofilm is efficiently inhibited by the ZnO—chitosan nanocomposite
[131]. There is one more aspect by which marine pollution can be addressed. It is
by utilizing the waste generated from oceanic biomass. Salaberria and co-workers
have made value-added bio-nanocomposite films from the biopolymers obtained
from the wastes of shellfish. In particular, the authors isolated chitin nanofillers
(nanocrystals and nanofibers) and chitosan from lobster wastes. The solvent evap-
oration casting method was then employed on these raw materials to obtain two
types of bio-nanocomposite films. One is chitin nanocrystal—chitosan composite, and
other one is chitin nanofiber—chitosan composite. The inhibitory action of these bio-
nanocomposite films against the growth of A. niger reveals that the action depends
upon the concentration and nature of chitin nanofiller in the chitosan matrix. In
comparing the antifungal activity of two bio-nanocomposite films, chitin nanofiber—
chitosan nanocomposite is found to be better than chitin nanocrystal-chitosan
nanocomposite [132].

7 Miscellaneous Applications of Antifungal Properties
of Chitosan-Based Nanocomposites

The fungal contamination in water is a serious health hazard and a major concern for
the environment. Nanomaterials can be successfully employed to treat the infected
water. In this regard, chitosan-based nanocomposites are also found to be useful in
treating fungal contamination in water. In one of the studies, three metal oxides,
viz., ZnO, CuO, and Ag,0 are used to form three nanocomposites with chitosan,
namely ZnO—chitosan, CuO—chitosan, and Ag,O—chitosan. These nanocomposites
are then coated over cellulose filter paper and are tested against Aspergillus niger,
Aspergillus flavus, and Rhizopus oryzae fungal strains. A stable coating of nanocom-
posite is obtained on the filter paper. The result of antifungal activity of these
films suggests that ZnO-chitosan displayed better antifungal activity in compar-
ison to CuO-chitosan and Ag,O-chitosan nanocomposites [133]. Munnawar and
co-workers investigated the antifouling properties of chitosan—ZnO nanocomposite.
The nanocomposite is added to the casting solution of polyethersulfone membranes.
The prepared membrane is stable and shows substantial water permeability. This
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filter is also observed to have an antifouling property and shows effective inhibition
toward S. typhi, A. fumigatus, and F. solani fungal strains [134].

Another interesting application of chitosan-based nanocomposite is in preserving
the quality of the paper. Ariafar and co-workers prepared a TiO,-chitosan nanocom-
posite that displays antifungal activity and hence can be utilized to optimize the
CMC adhesive applied on paper. This optimized adhesive applied on cellulose paper
was dried as a thin film and then tested for the antifungal properties, yellowness,
chemical oxidation, and tensile strength. The presence of TiO,-chitosan nanocom-
posite on paper induces the fungal inhibition of Aspergillus flavus and Aspergillus
niger strains. Moreover, it even shows antifungal activity in darkness. The treated
paper also displays a reduction in the yellowness of paper. This study opens a new
path in utilizing chitosan-based nanomaterials as paper preservatives and, therefore,
preserving the precious artworks [135].

8 Conclusions

Chitosan-based nanocomposites possess diverse functional properties that help in
improving the intrinsic properties and applications of chitosan. The blend with other
polymers, metal oxide, and essential oils improves the physical and mechanical
properties of chitosan. The preparation of chitosan-based nanocomposite depends
on various factors physical and chemical factors. The most important ones are the
degree of deacetylation of chitosan, pH, and concentration. In this chapter, emphasis
was given to the antifungal potency of chitosan-based nanocomposites and their use
in various fields such as biomedical, agricultural, pharmaceutics, food packaging,
and maritime industries. Chitosan nanocomposite possesses a high ability to destroy
the cell membrane of a variety of fungal strains. In the future, more focused and
dedicated research is required to prepare the chitosan nanocomposite in a greener
manner and then exploit that bio-nanocomposite as an antifungal agent over a wider
range of fungi metabolites.
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Chapter 12 )
Antiviral Potency of Chitosan, Its ek
Derivatives, and Nanocomposites

Upasana Issar and Richa Arora

Abstract Chitosan is a linear polysaccharide consisting of D-glucosamine and
N-acetyl-D-glucosamine units. It is manufactured from chitin (a naturally abun-
dant polysaccharide), extracted from the exoskeleton of crustaceans, squids, or
fungi walls. Chitosan has a large number of amino groups making it positively
charged moiety and, hence, is soluble in neutral as well as acidic solutions. It
possesses a great deal of physical, chemical, and biological properties including
biodegradability, biocompatibility, non-toxicity, display of antibacterial, antifungal
and antiviral effects, and adsorption activity for heavy metal ions leading to its
variety of applications in fields like water-waste management and treatment, cosmetic
industry, food industry, drug and/or gene delivery, and wound healing and dressing.
However, it has some shortcomings like high density because of extensive hydrogen
bonding and high viscosity, hampering its activity. For this, many researchers over
the years have functionalized chitosan and made use of nanoparticles resulting in
chitosan nanocomposites, enhancing its properties. In this chapter, the focus would
be on the noteworthy application of chitosan, modified chitosan, and its nanocompos-
ites as viable antiviral agents against various animal and plant viruses. In fact, they
have also been studied as a potential antiviral agent against severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) which caused the Coronavirus Disease of
2019 (COVID-19) pandemic, which will also be discussed in detail.

Keywords Chitosan - Chitin - Coronavirus - COVID-19 - HIV - HPV - Plant virus
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AIDS Acquired immune deficiency syndrome
AMV Alfalfa mosaic virus

BYMV Bean yellow mosaic virus

CMV Cucumber mosaic virus

COVID-19 Coronavirus Disease of 2019

HA Hemagglutinin

HCMV Human cytomegalovirus

HCoV-NL63  Human coronavirus NL63

HCV-4a Hepatitis C virus genotype 4a

HIV-1 Human immunodeficiency virus type-1
HPV Human papillomavirus

HSV Herpes simplex virus

HTCC N-(2-hydroxypropyl)-3-trimethylammonium chitosan chloride
IL-10 Interleukin-10

MD Molecular dynamics

NBCs Nanobiocomposites

NO Nitric oxide

PPE Personal protective equipment

PSTV Potato spindle tuber viroid

PSV Peanut stunt virus

PVX Potato virus X

RBD Receptor binding domain

ROS Reactive oxygen species

RSV Respiratory syncytial virus

RVFV Rift valley fever virus

SARS-Cov-2  Severe acute respiratory syndrome coronavirus-2
TCIDs, Tissue culture infectious dose

THI T helper 1

TMV Tobacco mosaic virus

TNV Tobacco necrosis virus

1 Introduction

Chitosan (Fig. 1) is a polysaccharide and a co-polymer of $-(1 — 4)-linked D-
glucosamines and N-acetyl-D-glucosamines. It is usually manufactured from the
deacetylation of chitin, which is a homopolymer of 3-(1 — 4) linkages of N-acetyl-
glucosamine. Chitin is a natural polymer present in the exoskeletons of shrimp,
shellfish and crabs, cuticles of some insects, and fungi, whereas chitosan is a man-
made polymer. Chitosan has many free amino groups making it soluble in neutral
as well as acidic solutions. Its solubility depends on the source of chitin, the degree
of deacetylation of chitin, and its molecular weight [60]. The ease of production of



12 Antiviral Potency of Chitosan, Its Derivatives... 275

chitosan and the raw material used for its production makes it a low cost, environ-
mentally benign, biodegradable, biocompatible, non-toxic biopolymer. Chitosan is
a positively charged polysaccharide having a variety of applications in the field of
pharmacy, medicine [60], tissue engineering [3], 3D bioprinting [32], dental special-
ties [82], drug delivery [56], and diagnosis of ailments, especially if coated by
nanoparticles [77]. Apart from this, chitosan is an excellent antiviral [2] and antimi-
crobial agent [11, 62]. Chitosan and its derivatives have also been tested success-
fully against Coronavirus Disease of 2019 (COVID-19) [22]. Few other applica-
tions of chitosan are in wastewater treatment, air filtration, cosmetic industry, food
industry, and drug delivery. But, chitosan has some drastic limitations related to
its reactivity and processability. This could be owed to its high density because of
the hydrogen bonding interactions between chains of chitosan and high viscosity
because of the intramolecular electrostatic interactions. Such problems of chitosan
could be overcome, without changing its original properties, by chemically modi-
fying it and introducing functional groups via phosphorylation [70], quaternization
[28], carboxyalkylation [75], and hydroxyalkylation [15], to name a few [20].
Chitosan exhibits antimicrobial activity against a broad range of plant and animal
microbes [44, 63], but its insolubility in the aqueous medium hampers its antimi-
crobial activity. Hence, for enhancing its solubility, dispersity, and antimicrobial
activity in agriculture, its solution is prepared in an acidic medium which induces
toxicity [68]. Chitosan has been modified chemically using halogenated acetate, like
N,N,N-trimethyl chitosan chloroacetate and N,N,N-trimethyl chitosan trifluoroac-
etate, which has been shown to exhibit higher solubility and, hence, higher antimi-
crobial activity as compared to the unmodified chitosan [84]. Another problem with
chitosan is that it is easily degraded physically and biologically. The instability of
chitosan in acidic and basic pH and solutions with different ionic strengths is another
major cause of concern, hampering its activity. It gets dissolved in acidic pH owing to
the presence of amino groups but precipitates outin basic pH due to the de-protonation
of amino groups [50]. Hence, the only way out is to modify chitosan, enhancing its
physicochemical properties without affecting its basic structure or bioactivity. One

Fig.1 Structure of chitosan
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way of modifying it is by forming chelates with organic and inorganic compounds
enhancing its stability, solubility, and biocidal activity [46, 67].

There is an array of factors that govern the antimicrobial activity of chitosan. Some
of them include the type of synthesis process, conditions like temperature and pH, the
extent of deacetylation from chitin, nature of substituents used to prepare modified
chitosan, the molecular weight of chitosan, and/or its nanocomposites and derivatives
as well as its charge, and also the source of chitin [29]. Chitosan, in itself, displays
limited antiviral activity over a wide range of viruses, but modifications of the amino
group and the hydroxyl group of chitosan have proved quite effective in improving its
antiviral efficacy. For example, sulfated chitosan possesses better antiviral properties
against human immunodeficiency virus type-1 (HIV-1) [71]. Since the antimicrobial
activity of chitosan has vast applications against a lot of microbes, in this chapter, we
have focused on and discussed the antiviral property of chitosan and its derivatives.

2 Use of Chitosan and Its Nanocomposites as Antiviral
Agents

Chitosan and its composites are known to inhibit viral infection directly by damaging
the viral cell membrane due to the electrostatic interaction of the positive charge
of chitosan with negatively charged protein on the viral surface or/and by binding
viral tail fibers. Chitosan can also inhibit viral infection indirectly by stimulating
the immune response against viruses affecting plants, animals, and microorganisms.
Chitosan and its derivatives also act as carriers of antiviral drugs (Fig. 2). A lot of
factors influence the antiviral activity of chitosan, namely the extent of its polymer-
ization and deacetylation, its charge, and the nature of the chemical changes. In fact,
oligomers of chitosan were found to be more effective than their polymeric forms
[13, 66].
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Fig. 2 Antiviral action of chitosan and its derivatives
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2.1 Action of Chitosan, Its Derivatives, and Nanocomposites
Against Animal Viruses

Acquired immune deficiency syndrome (AIDS) has been a major cause of concern
over the years and is caused by HIV-1 retrovirus [18]. Many anti-HIV-1 agents are
available, but their use is limited owing to many reasons like the emergence of mutated
viruses resistant to such anti-HIV agents and their toxicity toward healthy cells [69].
Researchers have been constantly working toward developing new, alternative, and
natural materials and their derivatives to improve the efficacy of drugs against HIV
and reduce toxicity. Chitosan and its derivatives have emerged as a good candidate
against HIV since they are biodegradable and non-toxic. N-carboxymethylchitosan
N,O-sulfate was prepared and found to inhibit HIV-1 by inhibiting reverse transcrip-
tase enzyme and hampering the binding of viral cells to human CD4* target cells (host
cell receptor) [75]. Sulfated chitooligosaccharides with molecular weight in the range
of 3-5 kDa, being non-toxic and water-soluble, were found to block entry of HIV
and virus-cell fusion by hampering the binding of HI'V-1 to CD4 cell surface receptor
[7, 20]. Heparan sulfate binding receptor is the cell-binding receptor to which some
viruses bind leading to their entry into the host cell. Such viruses are HIV-1, herpes
simplex virus (HSV), human cytomegalovirus, and papillomaviruses [71]. Sulfate
substituted succinyl chitosan was found to be effective against Moloney murine
leukemia virus (having heparan sulfate binding receptor), as studied on infected
rodent SC-1 and NIH-3T3 cell lines with the concentration of 0.01-100 wg mL~".
This study revealed that high molecular weight and a high degree of substitution
increase the antiviral efficacy of chitosan [76].

Chitosan oligomers having low molecular weight can be modified with peptides
like tryptophan and glutamine and are found to have good anti-HIV-1 activity. This
is achieved by the reduction in the amount of p24 protein (having an active role in
maintaining the virus structure), envelope, and viral infection factor proteins on the
viral surface, inhibiting the replication of the virus [41]. Another safe and non-toxic
complex of chitosan, effective against HI'V-1, is hyaluronan, stabilized with Zn(II)
ions [83]. Chitosan complex with Ni(II) ions leads to an effective binding of Ni(II)
with enterovirus-71 (a cause of infections in children and responsible for neurological
diseases) [49, 71].

Human cytomegalovirus (HCMV) belongs to the betaherpesvirinae family of
double-stranded DNA viruses with 55-100% infection in humans [65]. HCMYV is
asymptomatic in most healthy humans but could prove lethal for humans having weak
immune responses, children, organ transplant recipients, and HIV-positive patients
[24]. The available drugs like ganciclovir, cidofovir, and foscarnet [14] are toxic,
have low bioavailability, and face resistance from the virus [79]. For developing a
probable drug against HCMYV, certain factors have to be accounted for, which have
been integrated into a nanocomposite of ZnO nanoparticles with phenyloxy function-
alized chitosan. Such nanocomposites exhibited excellent antiviral activity against
HCMV in vitro with low cytotoxicity, which could be used as an independent drug or
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as a combination with other available anti-HCMV drugs. The prepared nanocompos-
ites of 4-hydroxybenzaldehyde, 4-(benzyloxy)benzaldehyde-modified chitosan with
ZnO nanoparticles decreased the viral load interfering with the active replication of
the virus [39].

A lot of research has been done by different research groups to study the antiviral
property of chitosan and its derivatives. Chitosan displayed antiviral activity against
adenovirus [59] and human noroviruses [16]. Silver nanoparticle—chitosan nanocom-
posite is quite effective against the HIN1 influenza A virus. Such a composite not
only reduced the tissue culture infectious dose (TCIDs() ratio of virus suspension
but reduced the toxicity as well by preventing the release of silver in the environ-
ment as it is fixed on chitosan [55]. The nanocomposite of chitosan with curcumin
works against hepatitis C virus genotype 4a (HCV-4a) and prevents their entry and
replication in the human hepatoma Huh7 cells [51].

Chitosan is known to enhance antiviral immune responses. They stimulate the
innate immune cells by increasing the number of leukocytes and macrophages,
reactive oxygen species (ROS), nitric oxide (NO), and enhancing the cell-mediated
responses, to fight the pathogen. Macrophages can lead to phagocytosis of chitosan
and, hence, leads to the production of ROS which induces the synthesis of gamma
interferon in spleen cells, which in turn shows its antiviral activity by inhibiting the
translation of RNAs of the viral cells [72].

A lot of studies were conducted on different murine models, which showed that
the size of chitin particles is of immense importance in inducing the innate immune
response of the host. Big-sized chitosan when enters the host, the immune response
is stimulated which tends to break the chitosan into small parts with the help of
chitinases. The intermediate-sized chitin particles send an alarm signal leading to
the inflammation by activating the recognition receptors. This would continue until
the virus infection is done with, and chitin is further oxidized into much smaller
fragments. The small-sized chitin leads to the production of interleukin-10 (IL-10),
which works toward controlling the inflammation. Similar response is by chitosan and
mixture of chitin and chitosan [47]. Therefore, chitosan can induce innate immune
responses against viral infections.

If vaccines are administered with chitin and chitosan-based nanoparticles, a drastic
enhancement in the innate and adaptive immune response occurs. DNA vaccine in
complexation with chitin microparticles was administered against HIV infection
in BALB/c mice. Chitin was found to enhance the adaptive immune response as
DNA/chitin microparticles were found to increase antibodies against HIV and their
T cells [25]. Some other examples to illustrate this involve the administration of
chitin along with chitosan, in BALB/c mice, for the inactivation of hemagglutinin
(HA) protein (which mainly helps in binding host cells) of HIN1 influenza virus
[26] and recombinant HA protein of HSN1 influenza virus [8]. Mucosal, as well as
systemic humoral immune responses, was stimulated. Chitin along with chitosan was
also found to increase the production of secretory IgA antibodies in the nasal wash
and IgG antibodies in the serum causing T helper 1 (TH1) immune response against
viruses [8, 26]. Chitin microparticles having a size of 10 wm, when administered in
HS5N1 and HIN1-infected mice through the intranasal route resulted in an increase in
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the number of natural killer cells in the cervical lymph tissues. This led to a decrease
in the viral load and enhanced survival rate after infection [31]. In another study,
microparticles of chitin having a size of 3.72 pm enhanced the immune response
of the host cell against the influenza A virus and also enhanced the production of T
cells which helps in fighting against the virus [9].

Chitosan polymers could be used as a solution, in the form of powder, as micropar-
ticles, and nanoparticles, depending on their physical and chemical properties. They
can also be used as carriers for antigen and/or adjuvants in mucosal vaccines as they
can induce cellular and humoral immune responses. Certain examples of chitosan to
illustrate this include its activity against the influenza virus. When chitosan is used as
a solution (0.5%) along with inactivated influenza vaccines, the immunogenicity of
the vaccine increases by six to ten times [23]. Again, chitosan solution when admin-
istered intranasally with influenza matrix protein induces and increases the amount
of IgG and IgA antibodies [73, 74]. Chitosan solution has also been found effective
with live attenuated influenza vaccine [81].

A range of chitosan derivatives like sialyl lactose substituted chitosan [48] and
chitosan-sialyl oligosaccharides (obtained from bovine colostrum) complex have
been found to be effective and selective against influenza virus A [12]. Such modified
chitosans block the interaction of the host cell receptors with the viral surface by
acting as virus adsorbents. This is because sialyl lactose and sialyl oligosaccharides
are the receptors present in the host cells to which the virus binds and enter the host
cells. By modifying the chitosan with such receptors present on the host cell, the virus
gets adsorbed on the modified chitosan and, hence, is prevented from binding to the
host cell receptors. Sulfated chitosan has proved to be quite effective against many
widespread viral infections. For example, 3,6-O-sulfated chitosan with an average
molecular weight of 58.3 kDa and having 45.8% sulfate content inhibits human
papillomavirus (HPV), responsible for cervical cancer, by directly binding the viral
proteins [21]. Apart from this, in vitro study in dunni cells of friend murine leukemia
helper virus and HSV-1 revealed antiviral activity of sulfated carboxyl methyl chitin
backbone (with 7.66% degree of sulfation) against these viruses [36]. Both these
inhibitory activities of sulphated chitosan are dose dependent.

Chitosan nanoparticles made using Lucilia cuprina maggots showed effective
antiviral activity in terms of the reduction in viral infection by 24.9% against Rift
Valley fever virus (RVFV), 26.1% against Coxsackie viruses and 18.8% in HSV-1
on a Vero cell line of adult African green monkey kidney [27]. Noroviruses, usually
present in contaminated food and water, could lead to gastroenteritis and diarrheal
diseases if they enter the human body. Chitosan microparticles, yet again, could
reduce the viral load in murine norovirus and bacteriophage MS2 of Escherichia coli
at 0.3% concentration [71, 85].

Respiratory syncytial virus (RSV) affects the lower respiratory system and could
be fatal for newborn children, elderly people, and people with low immune responses.
Here again, the use of chitosan with vaccines made from RSV-coded DNA can
increase the number of IgG antibodies in serum, IgA antibodies in mucous, and T
cells which secrete interferon-y and induces T lymphocyte response which could be
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lethal for viral cells. This leads to a decrease in the number of viral cells, an increase
in the antiviral response, and a reduction in the inflammation of the lungs [45, 66].

Among bacteriophage viruses, chitosan and its derivatives were studied against
coliphages T2, T4, and T7 in E. coli. The degree of polymerization and functional-
ization, charge, and molecular weight of 6-O-sulfate and N-succinate-6-O-sulfate-
modified chitosan has a profound effect on their activity against phage viruses.
Studies revealed that the high degree of polymerization and high concentration of
chitosan (100 and 10 jLg mL~") have higher antiviral activity against phage viruses
[42,43,71].

2.2 Action of Chitosan, Its Derivatives, and Nanocomposites
Against Coronaviruses

COVID-19 pandemic has been widespread and has affected many countries around
the world. It is a highly contagious disease and spreads quite fast through the air. The
aerosol particles containing severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) viruses, present in the air via sneezing, breathing, coughing, and talking by
a person carrying SARS-CoV-2 infection, could be inhaled by a healthy person in
the vicinity leading to the spread of infection. Also, the virus particles may spread
through the surfaces on which they settle [78]. The main problem with SARS-CoV-2
is that it has size and properties similar to a nanoparticle which is responsible for
its high transmission rate. It possesses spike protein having polybasic arginine-rich
motifs, making it more infectious than its previous SARS sequences [38, 66].

During this pandemic, frontline workers, including paramedics, doctors, and
healthcare workers, who constantly come in touch with infected people on a daily
basis, need to be protected. In this regard too, nanotechnology has come to the rescue.
Chitosan nanoparticles being positively charged could be integrated into the clothes
of frontline workers, which imparts electrostatic repulsion to the positively charged
SARS-CoV-2 particles resulting in less viral load on and around them and, hence,
the lower transmission of the virus. Chitosan nanofibers having a positive charge
including single and double N-quaternized chitosan derivatives, like N,N,N-trimethyl
chitosan, have been proposed to be useful in the production of personal protective
equipment (PPE) for frontline workers, owing to their repulsive interactions with
coronavirus [28].

Since the emergence of the COVID-19 pandemic, scientists around the globe have
been in search of potent and non-toxic drugs against it since till now, no licensed
drug is available against coronavirus. For coronavirus too, chitosan nanoparticles, its
derivative, polymer, and nanocomposites could be effective, being biocompatible.

A large number of studies have been conducted and are still underway to prepare
antiviral food coatings and fabric to prevent the spread and effect of coronavirus. In
this regard too, chitosan has been proved quite useful. This inhibition of coronavirus
by chitosan and their derivatives could be due to the electrostatic repulsive interaction
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between the positively charged chitosan nanocomposite and the spike protein of
coronaviruses [80]. A cross-linked derivative of chitosan with genipin (obtained from
the plant), i.e., N-(2-hydroxypropyl)-3-trimethyl chitosan, was found to adsorb and
inhibit the activity of human coronavirus NL63 (HCoV-NL63), reducing the infection
potential of the virus by (7.2 & 0.8) x 106 copies mL~". This was attributed to the
electrostatic repulsive interaction between the positively charged chitosan derivative
and the viral protein [15].

The addition of chitosan along with DNA, for example, plasmid DNA-loaded
biotinylated chitosan nanoparticles, could enhance the immune response to a vaccine
against SARS-CoV and could also reduce the side effects like inflammation of
the lungs. A study was done by a group of researchers in 2012, [64], well before
COVID-19 pandemic, wherein they studied the immune response of a DNA vaccine
having chitosan nanoparticles against SARS-CoV nucleocapsid protein and found an
increased number of IgG and IgA antibodies (an indicator of strong immune response
of the host cell) against nucleocapsid protein, responsible for its enhanced immune
response.

Chitosan has also been reported as an effective carrier for drugs. Apart from this,
it has an ability to stimulate the immune system, is non-toxic, biocompatible, and
degrades in the body releasing non-toxic by-products; it could easily open up tight
intersections, and it could be modified into different shapes and sizes. All these useful
properties make chitosan-based nanomaterials an effective tool to fight the COVID-
19 pandemic [37]. Aerosol formulations of Novochizol™ nanoparticles, made of
chitosan, were found to selectively deliver the potential anti-coronavirus drug to the
lungs. When administered to a patient, Novochizol™ nanoparticles remain attached
to the mucosal membranes of the respiratory tract. The chitosan molecule present is
degraded slowly, releasing the active drug molecule in effective amounts [66].

Spike protein of SARS-CoV, SARS-CoV-2, and HCoV-NL63 (common cold
virus) has receptor-binding domain (RBD) which binds the angiotensin-converting
enzyme-2 (ACE-2) receptors of the human respiratory tract and enter the
host cells causing infection. A chitosan-based polymer, N-(2-hydroxypropyl)-3-
trimethylammonium chitosan chloride (HTCC), and its hydrophobic derivative were
studied and found to exhibit inhibitory activity against not only HCoV-NL63 but
against human murine hepatitis virus too. The main action of the polymer includes
its inhibitory action for the interaction between the receptors of the host cell and
the RBD of the viral spike protein. This could be achieved by aggregating spike
proteins so that their interaction with the host cell reduces. The degree of substitu-
tion of chitosan in HTCC also had a varied effect on different human coronaviruses
like HCoV-OC43, HCoV-229E, HCoV-NL63, and HCoV-HKUT1 as revealed by the
study conducted on LLC-MK2 (Macaca mulatta kidney epithelial) cell line [53,
54]. HTCC has also been an effective inhibitor of SARS-CoV-2 and Middle East
respiratory syndrome coronavirus (MERS-CoV) [52], as demonstrated by in vitro
studies conducted using Vero and Vero E6 cell lines and ex vivo studies using human
airway epithelium mode, through the electrostatic interactions between HTCC and
viruses. A molecular dynamics (MD) study also revealed the excellent potential of
chitosan as a drug and in vaccines against coronavirus. It demonstrated a new target
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on SARS-CoV-2 for chitosan apart from RBD, which is a homotrimer pocket of spike
protein, which too has a strong affinity for ACE-2 receptors of the host cell [40]. B-
chitosan was found to inhibit the binding of the spike protein of SARS-CoV-2 with
ACE-2 receptors by itself binding with ACE-2. Experimental studies like in vitro
and in vivo analysis and immunofluorescence demonstrated the downregulation of
ACE-2 in Vero E6 cells of mice. A decrease in the immunofluorescence intensity
from 33.6 to 6.91% was observed in the presence of p-chitosan. This has led to a
drastic decrease in the colocalization of RBD and ACE-2 receptors, and thereby,
their binding is inhibited [4, 71].

2.3 Action of Chitosan, Its Derivatives, and Nanocomposites
Against Plant Viruses

Evidence is available for the inhibitory response of chitosan and its derivatives against
plant viruses as well, but it needs to be explored more for their effective use in agricul-
ture [17, 35]. Few studies showed the reduction of necrotic lesions caused by alfalfa
mosaic virus (AMYV), tobacco necrosis virus (TNV), tobacco mosaic virus (TMV),
peanut stunt virus (PSV), cucumber mosaic virus (CMV), potato virus X (PVX),
and potato spindle tuber viroid (PSTV) in Phaseolus vulgaris, Pisum sativum, Nico-
tiana tabacum, Nicotiana glutinosa, Nicotiana paniculata, Lycopersicon esculentum,
Chenopodium quinoa, on spraying 0.1% chitosan [46, 61].

Although chitosan has remarkable antimicrobial properties owing to the elec-
trostatic stacking of chitosan over the virus surface, the treatment of plants with
chitosan increases the permeability of the membranes of plant cells disrupting their
stability and, hence, cell death. However, in some viral infections, changes in the
plant membrane could actually support their fight against the virus [6, 58].

Let us try to understand how chitosan derivatives fight against bean yellow mosaic
virus (BYMV), responsible for mosaic and malformation of numerous plants. Safe
and economical, carboxymethyl chitosan—titania nanobiocomposites (NBCs) were
prepared and used to treat faba bean plants against BYMV. Here, N,O-substituted
carboxymethyl (NBC1), and O-substituted carboxymethyl (NBC2) derivatives of
chitosan, having low molecular weight, were synthesized. The severity of the disease
was found to reduce drastically in the NBCs-treated faba beans by 10.66% and
19.33%, when administered with NBC1 and NBC2, respectively. Further, NBCs
improved a lot of growth factors in plants, increased the number of photosynthetic
pigments and water content, enhanced the stability of plant cell membrane, and
increased the quantity of enzymatic and non-enzymatic antioxidants and soluble
protein. Not only this, it reduced various phenomena which could adversely impact
plant health like the leakage of electrolytes, amount of hydrogen peroxide, and the
peroxidation process of lipids. Apart from impacting a lot of internal processes to
maintain the stability and physiology of plant cells, NBCs were able to strengthen the
immune response and systematic resistance of faba bean plants against BYMV.NBC1
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was found to be more effective against BYMV owing to its higher hydrophilicity,
biocompatibility, and chelation capacity as compared to NBC2. The antiviral action
of NBC:s is due to its constituents; TiO, nanoparticles and carboxyalkyl substituted
chitosan, which provides protection against viral infection [74].

If one talks about the antiviral activity of chitosan in plants, they not only prevent
the spread of viral infection but stimulate the resistance genes and a range of defense
responses, as well, in plants. Here again, a range of factors including concentration,
time of exposure, and poly-cationic nature of chitosan play an important role against
the viral infection. The inhibitory activity of chitosan against plant viruses was also
found to depend on its structure as well as its molecular weight. Chitosan with
high molecular weight in the range of 100-120 kDa exhibited better and enhanced
antiviral activity than those with lower molecular weight in the range of 3-36 kDa,
against PVX infection in potatoes [13, 35]. This correlation between the molecular
weight and the antiviral activity of chitosan does not always hold good. Sometimes,
chitosan, having low molecular weight, displays better antiviral activity than its high
molecular weight counterparts. One example to illustrate this is the inhibition of
TMV by the chitosan having low molecular weight. The method of formation of the
chitosan, having low molecular weight, from its high molecular weight precursor
was found to influence its antiviral activity. Also, the source of chitosan and even the
process used to purify chitosan affect their activity. The chemical hydrolysis (using
H,0,) of chitosan producing low molecular weight chitosan was found to exhibit
much better antiviral properties as compared to those obtained from the enzymatic
hydrolysis (using lysozyme) [17, 66].

Not only the chitosan but the type of plant being affected and many times, the
type of virus affecting the plant plays a noteworthy role in the extent of the response
for chitosan. It is a well-known fact that the activity of lectin proteins, present in
plants, is enhanced under biotic stress like low temperature, wound stress, or osmotic
stress or when a virus or bacteria attacks a signaling plant, to resist the foreign
organism. Chitosan can help augment the lectin activity and also develop resistance,
as has been seen in the chitosan-treated tobacco plant and potato tuber trying to
fight against TMV [10]. Chitosan is supposedly present in the cell membrane of the
pathogen. When a pathogen interacts with the plant, due to structural changes, the
chitosan molecule is degraded, and the products are released to stimulate a defense
response against a pathogen, as revealed by a study conducted on tobacco against
TNV [19]. The treatment of plants by chitosan leads to the deposition of callose,
oxidative bursts, and hypersensitive responses, triggering the defense system of the
plant against viruses [34]. Abscisic acid also leads to callose accumulation, and
here also, chitosan plays a significant role in the accumulation of abscisic acid. This
increase in the concentration of callose reduces viral-induced lesion sites and, hence,
inhibits the spread of viral infection [33]. Chitosan is also responsible for an increase
in the number of proteolytic enzymes like RNAses resulting in thinning of the virions
and, hence, reducing their binding capacity, as depicted by the study conducted on
leaves of Nicotiana tabacum L. cv. Samsun against TMV [57].

Chitosan alone and in combination with glycine betaine has also been evaluated
for imparting resistance against CMV in cucumber plant. Gene expression analysis
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showed the enhancement of defense genes. Apart from this, there is an enhancement
of leaf chlorophyll content, hormones like salicylic acid and jasmonic acid, osmopro-
tectants like soluble sugars and proline, both enzymatic antioxidants like superoxide
dismutase and peroxidase, and non-enzymatic antioxidants like ascorbic acid and
glutathione in plants, in the presence of chitosan. On the other hand, the amount of
malondialdehyde (an indicator of oxidative stress) and abscisic acid (stress hormone)
reduces significantly in the presence of chitosan. The treatment of plants with the
combination of glycine betaine and chitosan led to far better results as compared
to the one using only chitosan [73]. Chitosan-N induces resistance against papaya
mosaic virus (which causes the distortion of papaya leaves) in papaya leaf (Carica
papaya L) by altering the metabolic pathways involving the metabolism of starch
and sucrose, synthesis of phenylpropane, and transduction of plant hormone signal
[5]. Chitosan actually induces systemic resistance against plant viruses by altering a
lot of signaling pathways.

The duration of exposure to chitosan derivatives also impacts their antiviral
activity. For example, exposure to 2 mg L~! of guanidinylated chitosan hydrochlo-
ride for a short span of time leads to direct damage to the virus [30]. Another example
includes effective inhibition by a high dosage of chitosan with different strains
of rhizobacteria, which actually promotes the plant growth, in a time-dependent
manner, against papaya ringspot virus-W and tomato chlorotic spot virus which
affects cucurbits and tomatoes [1, 71].

3 Conclusion

In this chapter, the antiviral activity of micro- and nano-structures of chitosan and
its derivatives along with its nanocomposites have been examined. Detailed study of
chitosan against a plethora of animal viruses like HIV, HSV, HPV, influenza virus,
and plant viruses like TNV and TMV showed that chitosan takes a triple approach in
terms of its inhibitory activity. The main inhibition by chitosan is associated with its
ability to inhibit the binding of the viral proteins with the receptors of the host cells
and also reduce the viral load by strong electrostatic repulsive interactions with the
virus, chitosan being cationic in nature. Chitosan also has a tendency to stimulate
the immune response of the healthy cells against foreign organisms like a virus.
Lastly, chitosan and its derivatives also act as good, selective, and efficient carriers
for antiviral drugs.

The activity of chitosan depends on a lot of factors like the degree of polymeriza-
tion, degree of substitution, the process of deacetylation, source of chitin, molecular
weight, concentration, pH, and also on the type of virus in question.

Owing to a number of physicochemical properties of chitosan like cost-
effectiveness, environment friendliness, biodegradability, biocompatibility, and non-
toxicity, studies have been done to employ it as an anti-SARS-CoV molecule not
only as a drug but as a component of nanofiber for the PPE kits. But, as far as its
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activity against COVID-19 is concerned, there is still a long way to go in terms of
the applicability of chitosan-based materials and their mechanism of action.
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Chapter 13 )
Modifications and Applications ek
of Chitosan-Based Nanocomposites

in Orthopaedics and Dentistry

Taruna Singh, Parul Pant, and Sarthak Kaushik

Abstract Chitosan has been studied extensively and widely used in the applica-
tions of biopharmaceutical and biomedical fields. Further, chitosan can be modi-
fied into nanocomposites. The possible applications of chitosan are quite vast,
and fascinating properties of chitosan-based nanocomposites like biocompatibility,
antimicrobial, antioxidant, anti-inflammatory, good mechanical strength, etc., make
chitosan very promising in the sector of orthopaedics and dentistry in tissue engi-
neering and regenerative medicine. This chapter focusses on the different strategies
adopted for the modification of chitosan as chitosan nanocomposites in the field of
dentistry and orthopaedics. Biomedical applications of chitosan-based nanocompos-
ites in orthopaedics and dentistry have also been covered in the chapter. Lastly, the
advantages of chitosan nanocomposites in the fields are also highlighted.

Keywords Chitosan-based nanocomposites + Orthopaedics * Dentistry

Abbreviations

3D Three dimensional

ABC  Acrylic bone cements
CNT  Carbon nanotubes

CTS Chitosan

GO Graphene oxide

GTR  Guided tissue regeneration
HAp  Hydroxyapatite

MMT Montmorillonite

ZnO  Zinc oxide

T. Singh - P. Pant (B<)
Department of Chemistry, Hansraj College, University of Delhi, Delhi 110007, India
e-mail: parulpant@hrc.du.ac.in

S. Kaushik
Department of Chemistry, University of Delhi, Delhi 110007, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 291
S. Gulati (ed.), Chitosan-Based Nanocomposite Materials,
https://doi.org/10.1007/978-981-19-5338-5_13


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-5338-5_13\&domain=pdf
mailto:parulpant@hrc.du.ac.in
https://doi.org/10.1007/978-981-19-5338-5_13

292 T. Singh et al.

1 Introduction

Chitosan is a naturally occurring biomaterial that is extracted mainly from chitin,
which is derived from the exoskeleton of crabs and shrimps. Chitosan is obtained by
deacetylation of chitin, the second most abundant natural biopolymer (Fig. 1) [1].
The need for biocompatible, antimicrobial, antibacterial, and non-toxic deriva-
tives is being fulfilled by nanocomposites obtained from different biopolymers in
biomedical and pharmaceutical fields. Since, chitosan has proved itself to be helpful

CH;
o
NH
HO
O\ 4
OH
/ ‘
Deacetylation
CH,
OH ©
NH, NH
o
HO o— Jo
/O 4 HO ~ o
NH,
OH OH

Fig. 1 Preparation of chitosan from deacetylation of chitin
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in the fields of biopharmaceuticals and biomedicine having a large number of applica-
tions due to its properties, (i.e. antiviral, antibacterial, and antifungal) its nanocom-
posites have also been showing evident results in the field of biopharmaceuticals
and biomedical applications. The synthesis of nanocomposites of chitosan can be
achieved using different chemical methods depending upon the field of application
[1]. High bioactivity being a prominent property of chitosan and its nanocompos-
ites make it appropriate to be used in the fields of orthopaedics and dentistry [2].
These nanocomposites can be moulded or modified into different formulations for
their potential applications in the field of tissue engineering or in the studies of bone
regeneration in the field of orthopaedics [3]. It also serves well in enamel repair, oral
drug delivery, implants for dental complications, etc., in the field of dentistry.

Presently, the demand for chitosan and its nanocomposites in these fields is high,
as ongoing research in the field of nano-scale biomedical applications is growing at
an enormous rate. The study of modifications and bio-application of chitosan-based
nanocomposites have shown tremendous outcomes.

2 Modifications of Chitosan-Based Nanocomposites

Chitosan-based nanocomposites play a vital role in the fields of biomedicine and
biopharmaceuticals. However, the biocompatibility and drug delivery of nanocom-
posites based on chitosan only are up to a lower extent in the fields of orthopaedics and
dentistry. To uplift the bioactivity and compatibility of chitosan-based nanocompos-
ites for increasing the properties like mechanical strength, antibacterial characteris-
tics, thermal stability, etc., these nanocomposites have been modified using different
nano-scaled or layered (in the form of thin films) chemical reagents to enhance these
properties in orthopaedics and dentistry.

3 Modification of Chitosan-Based Nanocomposites
in the Field of Orthopaedics

Various chemical modifications have been done to enhance the ability of chitosan
nanocomposites in the orthopaedics sector. These nanocomposites have been modi-
fied with hydroxyapatite(HAp), carbon nanotubes (CNT), and acrylic bone cements
(ABC) with graphene oxide (GO), etc.
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3.1 Hydroxyapatite (HAp)

Chitosan (CTS)-based nanocomposites alone cannot mimic all the needed properties
of a natural bone in a human body, but along with modifications in their chemical
parts, it shows many similar properties of a natural bone.

Many studies have shown that calcium and phosphate-based materials show
osteoconduction (i.e. growing of a bone on a surface), imitating the best proper-
ties of a natural bone, becoming materials of great interest in the studies of bone
tissue engineering. Therefore, hydroxyapatite (HAp) with the molecular formula
[Ca;p(PO4)s(OH),] is used in CTS-based nanocomposites, with HAp being one
of the most stable calcium phosphate forms with the abundance of its occurrence
(approx. 60-67%) in the natural bone making it a major component. With the
variety of applications of Hap in the field of orthopaedics, it also serves its purpose
as an essential compound in the sector of preparation of artificial bones in the
human body. With CTS-based nanocomposites alone, the cell growth of osteoblast
cells (cells responsible for the synthesis of bone) has been found to be slightly
increased in orthopaedic treatment, whilst CTS/HAp (chitosan and hydroxyapatite)-
based nanocomposites with a quite stable chemical interaction (Fig. 2) significantly
increased the osteoblastic cell growth in a natural bone giving its skeletal structure
good stability and greater molecular density along with antibacterial properties. Also,
CTS/HAp-based nanocomposites fulfil the role of the inorganic as well as the organic
portion of a natural bone [4].

3.2 Carbon Nanotubes (CNT)

Studies have shown that the modification of chitosan (CTS) combined with CNT
(carbon nanotubes) results in a significant increase in the mechanical strength and
structural properties of the nanocomposite serving its role in the natural bone. CNT is
also associated with the study of biomaterials, mainly those materials which are used
to position the bone in the human body, like—materials used in prosthetics, plates,
and screws in case of fractures, drug delivery systems, preparation of scaffolds for
regeneration of bone, etc. According to reports the interaction of CNT with CTS,
where CNT is uniformly distributed along with the CTS matrix (Fig. 3).

The observable change in properties like tensile strength and mechanical structural
integrity is significantly enhanced with the addition of even small amounts of CNT
in the CTS matrix. Numerically, with the introduction of about 0.8% of CNT in the
CTS matrix improves the tensile properties of nanocomposites by about 93%.

Also, the use of CNT with CTS nanocomposites in bone treatment as an alternative
material has been reported, with a possibility of natural bone regrowth. Hence, cells
with similar properties to osteoblastic cells were grown on CNT (electrically neutral
in nature) to produce a natural bone [4].
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3.3 Acrylic Bone Cements (ABC) with Graphene Oxide (GO)

The role of acrylic bone cements (ABC) in orthopaedic surgeries is quite signif-
icant, but an increase in their use in other applications has been recorded, such
as cancer-causing bone remodelling, cranioplasty (the surgical repair of a bone
defect in the skull), and vertebroplasty (for stabilizing compression fractures in the
spine), etc. The introduction of ABC along with graphene oxide (GO) in chitosan
(CTS)-based nanocomposites leads to changes in mechanical, biological, thermal,
and physicochemical properties of the nanocomposites acting upon the bones.

It is observed that using the modification with the formulation of CTS/ABC/GO,
i.e. CTS containing ABCs and GO simultaneously, results in the enhancement of
thermal stability, osteogenic activities (i.e. the ability of the material to induce bone
formation in non-bone-forming sites) and antibacterial properties, making it an essen-
tial modification in orthopaedic applications. Moreover, this formulation resulted in
enhanced biocompatibility showing potential use in biomedical applications, and GO
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Fig. 3 Chemical interaction between CTS and CNT

present in the formulation was mainly responsible for the mechanical augmentation
and antibacterial characteristics [5].

4 Modification of Chitosan-Based Nanocomposites
in the Field of Dentistry

In the dentistry sector, these nanocomposites have been modified with montmoril-
lonite, zinc oxide (Table 1).



13 Modifications and Applications of Chitosan-Based Nanocomposites ...

297

Table 1 Modifications of chitosan-based nanocomposites, their inferences, and applications
S. No. | Modification of chitosan-based Inferences and applications Reference
nanocomposites
1 Hap-CTS (modification of Stable chemical interaction between | [4]
chitosan-based nanocomposites with | CTS and Hap results in increased
hydroxyapatite in orthopaedics) osteoblastic cell growth, stable
skeletal structure, greater molecular
density, and antibacterial properties
Also, fulfilling the role of organic
and inorganic part of a natural bone
2 CNT-CTS (modification of Interaction of CNT and CTS results | [4]
chitosan-based nanocomposites with | in enhancing tensile strength and
carbon nanotubes in orthopaedics) structural integrity, possibility of
natural bone regrowth
3 ABC with GO-CTS (modification of | The formulation of CTS/ABC/GO [5]
chitosan-based nanocomposites with | enhances thermal stability,
acrylic bone cements and graphene | osteogenic activities, and
oxide in orthopaedics) antibacterial properties
Also, enhanced biocompatibility for
the use of biomedical applications
4 MMT-CTS (modification of Increase in tensile properties, [6]
chitosan-based nanocomposites with | material strength, and elasticity
montmorillonite clay in dentistry) (depends upon the concentration of
the clay particles) were observed
Enhanced antimicrobial properties
with the addition of AGNO3
Also, electrostatic interaction
between CTS and silicate layers
increases the thermal stability
5 ZnO-CTS (modification of This formulation results in [7]

chitosan-based nanocomposites with
size-controlled ZnO nanoparticles in
dentistry)

antibacterial, antidiabetic,
antioxidant, and aytotoxic agents
Also, ZnO-CTS interaction results
in increased bond strength and
mechanical properties

4.1 MMT-CLAY (Montmorillonite)

The preparation of chitosan-based nanocomposites loaded with clay (montmoril-
lonite) (CS/MMT) is done by mixing chitosan biopolymer and sodium montmo-
rillonite particles physically. The process of physical mixing is done to get thin
transparent films that serve as a dental material in dental applications and dental
surgeries. Different concentration of clay particles is used to prepare these thin films,
and the measurement of antibacterial and mechanical properties takes place. The
studies have shown a significant amount of increase in tensile properties, mate-
rial strength, and elasticity as per the increase in the concentration of clay parti-
cles. Also, it was observed that the addition of AgNOj (silver nitrate) nanoparticles
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resulted in enhanced antimicrobial properties as compared to pure chitosan-based
nanocomposite films. A strong electrostatic interaction was found between chitosan
and silicate layers which is responsible for the significant increase in thermal stability,
whereas the layer-layer stacking structure of chitosan nanocomposites enhances the
antimicrobial activities (Fig. 4) [6].

4.2 Zinc Oxide (Zn0)

In dental fields, the use of metal-oxide nanoparticles used in dental restoration surg-
eries is a new and highly used process with its high-antibacterial activities against
bacteria growing pathogenic species.

The preparation of ZnO infused chitosan (CTS)-based nanocomposites with
size-controlled ZnO nanoparticles is achieved via chemical routes, resulting in
stable nanostructures. These chemically extracted ZnO nanoparticles infused CTS
nanocomposites proved to be antibacterial, antidiabetic, antioxidant, and cytotoxic
agents. These CTS nanocomposite encapsulated ZnO nanoparticles are highly used in
restorative dental applications as an antibacterial dental adhesive used during dental
surgeries with increased mechanical characteristics and increase in bond strength
due to CTS/ZnO interaction Fig. 5 [7].

S Applications of Chitosan-Based Nanocomposites

As discussed above, chitosan (CTS)-based nanocomposites have proven to be helpful
in the field of biopharmaceuticals and biomedicine, adding to that when they get
modified with different nano-scaled chemical compounds and chemical films, their
bioactivity, biocompatibility, drug delivery, etc., enhance up to significant results,
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this makes these nanocomposites to deliver several biomedical applications. These
biomedical applications of chitosan-based nanocomposites (both with CTS alone
or modified) have acquired a prominent place in the sectors of orthopaedics and
dentistry, in different regions like drug delivery, enamel repair, bone, and dental

tissue regeneration.
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6 Biomedical Applications of Chitosan-Based
Nanocomposites in Orthopaedics

The natural bone comprises of three-dimensional nanocomposite structured matrix.
The study of bone structure and matrix comes under the bio-application of bone
tissue engineering in the field of orthopaedics.

The field of bone tissue regeneration is comparatively new (started about three
decades ago), its applications mainly include the study and modification of 3D (three-
dimensional) structures, which serve their part in giving support, reinforcement to
the bone material and in certain cases organizing bone replacements and tissue
regeneration in a natural way. Bone tissue engineering encourages a full-fledged
regeneration of the tissue of a new bone in the human body with the combina-
tions and modifications of different biomolecules, biosynthetic materials, drugs for
delivery, growth-enhancing factors, etc. Along with the significant advancement in
the field, the selection of material for bone tissue engineering applications becomes
crucial to making these applications become a proper clinical practice in the field of
orthopaedics. To fulfil the needs of bone tissue engineering as a biomedical appli-
cation in orthopaedics, researchers have developed biomaterial composites (nano-
scaled) that promote osteogenesis (the formation of bone with the help of osteoblast
cells) in the bone, and also various research groups have been showing their interest in
the significance and advancements in bone tissue engineering resulting in expanding
their work associated with the application of modified chitosan-based nanocom-
posites for orthopaedic procedures regarding bone tissue regeneration, due to the
properties of chitosan being biocompatible, provides structural strength, etc.

Also, chitosan-based nanocomposites have been developed under several kinds of
research and have been found suitable for the applications of bone tissue engineering
because of the non-toxic properties of chitosan along with the ease of getting moulded
or modified to give different suitable biomaterials (as discussed in the above section)
[8] (Table 2). This makes the function of chitosan-based nanocomposites easier
to add side groups to it in order to optimize itself for bone tissue engineering. In
recent times, the use of CTS-based nanocomposites at defective bone sites in bone
tissue regeneration has been increased [9]. The main focus of these applications is
to overcome the problems that occur very often in the field of orthopaedics, like low
availability, transfer of different pathogens, donor-site morbidity, immune response
causing destruction to the bone, etc., by substituting the treatment methods with
suitable ones [8].

7 Biomedical Applications of Chitosan-Based
Nanocomposites in Dentistry

Chitosan-based nanocomposites have proved their non-toxicity towards cells in
mammals along with different properties like being compatible with the tooth colour
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Table 2 Biomedical applications of chitosan-based nanocomposites in orthopaedics

S. No. | Area of study Biomedical applications of References
chitosan-based nanocomposites in
orthopaedics
1 Modification of 3D structure matrix | Giving structure and support to the | [8]
of bone bone, reinforcement to the bone

material, natural tissue regeneration

2 Bone tissue engineering Promotes osteogenesis, enhances [8,9]
growth, highly biocompatible,
provides structural strength,
non-toxic in nature, and increased
tissue regeneration at defective bone
sites

3 Orthopaedic surgeries Easily available, economically [8]
favourable, enhanced drug delivery,
and enhanced wound healing

and being economically inexpensive. Their easy availability and wide range of possi-
bilities for modifications make CTS nanocomposites which make them a clear winner
for their potential uses. Chitosan-based nanocomposites compatibility and avail-
ability for a large range of bio-dental applications are depicted as follows, Fig. 6

[1].

7.1 Oral Drug Delivery

Chitosan-based nanocomposites can be utilized to develop a systematic arrangement
of direct drug delivery with the required properties like mechanical strength, enough
contact time with a good release profile being in close contact with the mucosa (oral),
they also increase the bioavailability for the treatment in different oral pathologies.
For the delivery of antibiotics (e.g. nystatin, chlorhexidine, and metronidazole) to
periodontal (the structures surrounding and supporting the teeth) tissues, CTS-based
nanocomposites in the form of nano-films can be used against fungal infections
and mucositis (oral). CTS-based nanocomposites are also useful in the inhibition of
plaque pathogens causing dental issues being an effective plaque controller [1].

7.2 Guided Tissue Regeneration

Guided tissue regeneration (GTR) is a developing strategy that involves the regen-
eration of periodontal cells. The main principle lies in the isolation of the given
periodontal defect using a physical membrane that enhances the rate of bone regen-
eration. Chitosan and its nanocomposites fill this spot with ease, and they prove
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Fig. 6 Bio-dental applications of chitosan-based nanocomposites

to be a favourable substance for GTR because of their optimal size and good
biocompatibility (biological behaviour) [1].
7.3 Enamel Repair

Studies have shown that tooth enamel is the hardest non-vascular tissue present in the
human body, which makes it difficult to repair or regenerate. An abundant amount of
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chemical techniques have been developed with the use of chitosan-based nanocom-
posites to achieve the regeneration of human teeth enamel through the successful
delivery of drug agents like organic amelogenin at defect sites. Along with nanocom-
posites, chitosan-based hydrogels as delivery agents are also being used nowadays
for enamel regeneration [1].

7.4 For Coating Dental Implants

The coating of dental implant material in the process depends upon the osseointegra-
tion (direct structural and functional connection between ordered, living bone and
the surface of a load-carrying implant) value of the material. Several studies have
given positive results of chitosan-based nanocomposites being a good coating mate-
rial in dental implants affecting the surface of the teeth with a change of mechanical,
biological, and surface properties [1].

7.5 Adhesion and Dentine Bonding

Research has been conducted to study the durability of dentine bonding and dentine-
restoration techniques. This comes under the area of use of bio-adhesive polymers in
dental complications, which is fulfilled by chitosan-based nanocomposites resulting
in better dentine bonding and a significant increase in shear strength of the bond [1]
(Table 3).

8 Conclusion

Chitosan has been studied extensively due to the significant properties of the
biopolymer being economically friendly, with excellent biodegradability and
biocompatibility, along with non-toxic traits, antimicrobial, and antibacterial prop-
erties making the biopolymer a good candidate in the fields of biomedicine
and biopharmaceuticals [10]. When chitosan nanocomposites get modified with
different nano-scaled materials and films, they show significant properties increase
in the rate of bone regeneration, better-targeted drug delivery, enhanced wound
healing, and increased osteogenesis. Therefore, research shows a great potential for
chitosan-based nanocomposites (both modified and only CTS-based) for biomedical
applications in the orthopaedic and dentistry sectors [11].

Chitosan and its nanocomposites offer significantly to the future of biomedicine
and biopharmaceutics, and it has also been studied that chitosan-based medical
material will be of great use in upcoming times [2].
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Table 3 Biomedical applications of chitosan-based nanocomposites in dentistry

S. No. | Area of study Biomedical applications of Reference

chitosan-based nanocomposites in
dentistry

Oral drug delivery Develops a systematic arrangement | [1]
for drug delivery with mechanical
strength, good contact time, and
increased bioavailability

Guided tissue regeneration (GTR) | Increased rate of GTR (due to [1]
optimal size and good
biocompatibility of CTS-based
nanocomposites)

Enamel repair CTS-based nanocomposites works | [1]
on regenerating human teeth enamel
through successful drug delivery

Coating dental implants Good coating material in dental [1]
implants with enhancing
mechanical, biological, and surface
properties

Adhesion and dentine bonding Results in better dentine bonding [1]
and increase in the bond strength
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Chapter 14 )
Conclusion and Future Prospects ek
of Chitosan-Based Nanocomposites

Sanjay Kumar, Abhigyan Sarmah Gogoi, Shefali Shukla, Manoj Trivedi,
and Shikha Gulati

Abstract Chitosan, as a bionanocomposite has been garnering immense atten-
tion and become a center of comprehensive research, owing to its vast structural
possibilities for physiochemical alterations to produce novel characteristics, func-
tions, and utilizations, especially in the biomedical field. Chitosan is endowed with
numerous properties such as biocompatibility, biodegradability, non-toxicity, antimi-
crobial activity, low immunogenicity, stimuli sensitivity, adjustable physical strength,
and water solubility. This ideal biopolymer can be transformed into nanoparticles,
nanocapsules, nano-vehicles, fiber meshes, scaffolds, and 3D printed scaffolds. The
last decade is a testimony to the enormous potential of chitosan and chitosan-based
nanocomposites, as showcased by the legion of research reports displaying many
new applications in the field of targeted drug delivery, modern biomedical instru-
ments, and bioimaging sensors. This chapter unfolds different aspects of chitosan,
including its properties and mutations, and focuses on chitosan-based nanocom-
posites. Emphasis has been laid on the salient biomedical applications of chitosan-
based nanocomposites including drug delivery, gene therapy, tissue engineering and
regeneration, cancer diagnosis and treatment, and bioimaging among various others.

Keywords Chitosan + Bionanocomposite - Properties «+ Modifications -
Biomedical applications
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Chinese hamster ovary
Carboxymethyl chitin

Carbon nanotubes
Cryogenic-scanning electron microscopy and transmission elec-
tron microscopy

Chitosan
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Direct current

Degree of deacetylation

Dynamic light scattering
Dimethyl sulfoxide
Deoxyribonucleic acid
Extracellular matrix
Ethylene—vinyl acetate

Food and Drug Administration
Fourier-transform infrared spectroscopy
Graphene oxide
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Human immunodeficiency virus
Messenger ribonucleic acid
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Nanoparticles

Nanomaterials

Polycaprolactone

Polyethylene glycol

Polyvinyl alcohol

Quantum dots

Ribonucleic acid interference
Room temperature

Scanning electron microscopy
Transmission electron microscopy
Ultraviolet

X-ray photoelectron spectroscopy
X-ray diffraction

1 Introduction

Natural materials outperform artificial materials in a variety of industrial applica-
tions, from cosmetics to aerospace, due to their diverse qualities and properties.
When it comes to biomedical applications, natural materials are frequently found



14 Conclusion and Future Prospects of Chitosan-Based Nanocomposites 307

to be preferable to synthetic ones [1]. The development of new standards to over-
come technical difficulties and effectively resolve social and ecological challenges
is critical for the advancement of sustainable biomedical innovation, particularly in
the large-scale production of renewable materials. As a result, it is critical to reduce
the use of harmful compounds and instead focus on the creation of environmentally
safe nanoscale-based composite materials. In addition, the introduction of nanotech-
nology opens up more creative and superior options for many pharmaceutical appli-
cations, such as vaccination, tissue engineering, diagnostic imaging methods, cancer
therapy, and other medicinal, and sustainable drug delivery, among others [2]. In
recent years, special attention has been given to biopolymers, such as biodegrad-
able polyesters, polysaccharides, or polypeptides. Bionanocomposites are a type of
hybrid materials consisting of biopolymers and inorganic solids, having at least one
dimension on the nanometer scale. The inclusion of nano-sized inorganic fillers
causes biopolymer characteristics to alter and improve. The increasing interest in
bionanocomposites is a global phenomenon now because of their cost-effectiveness,
biodegradability, environmental friendliness, and ease of preparation. Also, polysac-
charides happen to be the most popular biopolymers due to their sustainable and
recyclable nature, as well as their biodegradability. They comprise a bountiful part
of the biomass [3].

Chitosan is a linear polysaccharide and is acquired from nature itself. It can be
made from chitin by deacetylation in the solid form under alkaline circumstances or
through enzymatic hydrolysis by chitin deacetylase [4] (Fig. 1). In 1811, a French
scientist named Henni Braconnot was the first to obtain chitin from mushrooms.
Crab and shrimp shells are the most abundant hotspots for chitin. Chitin is a polymer
made of the 2-acetamido-2-deoxy-D-glucose disaccharide that is joined together by a
B bond. Chitosan was discovered in the nineteenth century, after the deacetylation of
chitin having numerous acetyl glucosamine units. As a result of the partial deacety-
lation, chitosan is a heteropolymer with both glucosamine and acetyl glucosamine
groups. Since amino groups (—NH,) allow copolymerization with acrylic, styrene,
urethane, and vinyl ester-based monomers to acquire auxiliary features, adjusting
the attributes of this polymer is easier [1].

Non-harmfulness, biodegradability, biocompatibility, immune-enhancing, antitu-
moral, anti-viral, and antimicrobial action are some of the most well-known features
of chitosan in the medical context. Chitosan’s biodegradability was established
in vitro and in vivo, where polymeric chains were disintegrated into sundry tinier
segments of monomers. Chitosan and its enzymatic derivatives could harmlessly
associate with living cells without any unfavorable impact on the body. Chitosan can
diminish cholesterol retention, filter-free radicals from the chain oxidation process,
and carry out its antimicrobial and anti-viral action against numerous yeasts and
microbial organisms. Chitosan-based NPs can likewise hinder cancer cell develop-
ment by instigating apoptosis. Chitosan, either singly or blended in with different
polymers, active agents, and metallic nanostructures, has been widely utilized in
numerous biomedical utilizations, that include wound scaffolding as an antimicro-
bial specialist, in drug conveyance as a nanoscale transporter to single out tumoral
growths while negligibly influencing sites of unaffected tissue, for gene delivery, and
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Fig. 1 Preparation of chitosan from chitin by deacetylation

dentistry and also as absorbable structure for immobilizing enzymes [4]. Since the
future opportunities of chitosan-based bionanocomposite in different sectors provide
us with ample room to maneuver, this chapter presents an itemized examination in
regards to these issues. It is coordinated pleasantly by talking about chitosan-based
bionanocomposite and their structure. From that point onward, it uncovers crucial
data about the origin and attributes, and alteration techniques of chitosan, along with
the essential diagrams. It likewise presents the most suitable strategies and methods
for creating chitosan-based bionanocomposites. Moreover, the originality of this
article is ameliorated by collecting significant data about the various applications
along with the advantages and downsides intricately. Prior to closing this article, the
future exploration heading is additionally given so as to progress and improve its
application for different purposes soon [3].
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2 Properties of Chitosan

Chitosan is made up of deacetylated D-glucosamine and N-acetyl-D-glucosamine
units. It has a lesser molecular weight and a lesser number of crystalline domains than
chitin (whose molecular weight is more than 100 kDa). This incredible biopolymer
has also been approved by the FDA. Its design is like cellulose with the exception of
the hydroxyl group at the C-2 site in cellulose is supplanted by the amino group in
chitosan [6, 7].

2.1 Physiochemical Properties

Chitosan is characterized by a high extent of deacetylation and low crystallinity. This
property makes it a compelling possibility for a variety of beneficial applications,
such as drugs and biotechnology. Chelation, viscosity, dissolvability in various media,
mucoadhesivity, polyelectrolytic behavior, and polyoxysalt formation are only a few
of the physical features of chitosan [3]. Each glycosidic residue in chitosan has three
receptive positions: one amino group and two hydroxyl groups. The amino group
is of incredible importance because it is pH sensitive and answerable for chitosan’s
cationic nature. The position of the acetyl groups along the chain, deacetylation
techniques, and ionic strength all play a role in its solubility. Chitosan has chelating
capabilities for a few metal cations at an acidic pH [8].

2.2 Biological Properties

Chitosan has been found to be a non-toxic, biocompatible, and biodegradable
polymer in several investigations [9]. Anti-inflammatory, antibacterial, antitumor,
anti-fungal, hemostatic, and analgesic characteristics are all present in chitosan and
its derivatives [3, 10, 11] (Fig. 2).

3 Fabrication and Chemical Alterations of Chitosan

3.1 Extraction/ Synthesis of Chitosan and Its Based
Nanocomposites

The degree of deacetylation of chitin determines the molecular weight of chitosan.
Deacetylation is generally done in the presence of an atmosphere of nitrogen gas or by
adding sodium borohydride to the sodium hydroxide solution so as to kill any adverse
side reactions. Many additional methods for making chitosan, using the exoskeleton
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Fig. 2 Exceptional biotic properties permit the utilization of chitosan in numerous biomedical
fields

of different crustaceans, fungi, cuttlefish, squid, and insects have been invented, in
addition to alkali treatment [12]. To generate chitosan with variable degrees of acety-
lation from chitin, two techniques are now most widely used. The first approach is
the solid phase heterogeneous deacetylation (Fig. 3), whereas the second involves
pre-swollen aqueous phase homogeneous deacetylation under vacuum conditions
[13]. These procedures employ thermo-mechanical techniques such as a cascade
reactor operated at low concentrations of alkali [14]; sequential alkali analyzes with
thiophenol in dimethyl sulfoxide [15]; and flash treatment with saturated steam and
repeated washing with distilled water [2, 17]. The abstraction of chitosan using
irradiation by microwaves has also been proposed as a more advanced approach
[16]. Treatment with enzymes, rather than alkaline treatment at high temperatures,
is another way to generate chitosan [18]. Following the biological methodology,
chitosan is enzymatically created with chitin deacetylase. In the enzymatical fabri-
cation strategy, the N-acetamide bond found in the basic framework of chitin gets
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50% NaOH solution ' 3M NaOH
Boil for 3 h 24 h, R.T

Fig. 3 Traditional method for the extraction of chitosan using the extracellular matrix of
crustaceans. Reproduced from Ajahar et al. (2021) with permission from Elsevier

hydrolyzed by the chitin deacetylase enzyme. Prior to hydrolysis, chitin is artificially
changed into unrefined chitin, as unrefined chitin is a poor enzyme substrate. As a
result, chitin undergoes reprecipitation, glycolation, and depolymerization before
being hydrolyzed [2, 19, 20].

Also, typical techniques generally used for the synthesis of chitosan-based
bionanocomposites are listed below [3]:

i.  Solution-casting method
ii. In-situ technique

iii. Electrospinning technique
iv. Freeze-drying technique

3.2 Modification of Chitosan

Natural chitosan has lower transfection effectiveness than synthetic chitosan, and
it lacks several characteristics that are essential for some applications [2]. In addi-
tion to this, their inferior solubility in many polar solvents and water limits their
applicability. To overcome this problem, chemical/enzymatic methods (Fig. 4) can
be used to modify the chitosan molecule, resulting in new derivatives that not only
improve its solvability for prudent use in various biomedical utilizations but also
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Fig. 4 Techniques to modify chitosan

serve as a powerful resource to promote novel biological actions and change its phys-
ical attributes [3]. Surprisingly, structural alterations to chitosan do not modify the
molecule’s basic structure, but they do give it new characteristics. Chitosan’s struc-
tural morphology allows it to undergo a wide variety of reactions (like reduction,
oxidation, acylation, cross-linking, complexation, halogenation, and phosphoryla-
tion) that result in novel derivatives [21]. Chemical or physical processes such as
compositing with appropriate fillers, substituent inclusion, cross-linking, blending,
curing, graft polymerization, and so on can be used to modify the material. Chemi-
cally modified chitosan and its derivatives as biomaterials for antimicrobial action,
drug transport, and other biomedical utilizations have been examined extensively
by Sashiwa and Alves et al. [22, 23]. Also, Mourya et al. have outlined the various
approaches for modifying chitosan in great detail [24].

3.2.1 Physical Modification

Physical modification is commonly accomplished by combining two polymers to
create a new material with distinct physical properties. Polymer blending is employed
for the creation of materials with the perfect mechanical, chemical, biological,
morphological, and structural attributes. When compared to other readily available
tactics, this method is considered practicable and judicious, as well as less tedious
[25, 26]. Hydrophilic polymers like polyethyl oxide (PEO), polyvinyl alcohol (PVA),
and polyvinyl pyrrolidone (PVP) are all known to mix nicely with chitosan [27,
28]. The qualities of the component polymers and the chitosan/PVA blend, which is
widely utilized in food applications, are improved through molecular interaction [29].
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Furthermore, chitosan combined with PVA has demonstrated excellent mechanical
properties for pharmaceutical items and controlled drug conveyance systems.

3.2.2 Chemical Modification

The polymer chain of chitosan possesses reactive amino (-NH,) and hydroxyl (-OH)
groups that aid the favorable chemical alteration of the molecule, without amending
its fundamental characteristics. The modification of chitosan can be performed by
various chemical reactions as listed below [3, 30]:

i.  Phosphorylation
ii. Thiolation
iii.  Sulfation
iv. Hydroxyalkylation
v.  Carboxyalkylation
vi.  Alkylation
vii. Quaternization
viii. Oligomerization
ix. Graft copolymerization
x. Enzymatic modification

4 Characterization Techniques for Chitosan
and Chitosan-Based Nanocomposites

Characterization techniques such as FTIR, DLS, XPS, XRD, TEM, AAS, and SEM
givereliable, consistent, and accurate results for improving the chemical and physical
properties of nanomaterials. Nanomaterials are characterized in order to gain a better
understanding of them, improve already-existing methods, and their applications
sustainably.

4.1 Dynamic Light Scattering

The features of chitosan-based nanomaterials, such as particle size, surface charge,
and size distribution, can be determined using the dynamic light scattering (DLS)
approach. This is the most reliable and profoundly effective method when contrasted
with others. DLS is a non-invasive method for estimating the size, size distribution,
and particle charge of nanomaterials, especially in the submicron and <1 nm ranges,
using cutting-edge technology. Brownian motion of particles (present in suspension)
having varied scattering angles (6) is used to determine particle size in DLS. This
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technique is primarily focused on the measurement of particles suspended in liquid
media. Brownian motion is slowed as the particle size increases. The Stokes—Einstein
equation is applied to find the hydrodynamic size by analyzing intensity fluctuations
and Brownian motion velocity. The probable size of the dynamic hydrated/solvated
particle is determined by the diameter derived from the particle’s diffusional char-
acteristics. Using a combo of light scattering and microscopy techniques, a more
thorough examination of the size and distribution of NPs can be performed. Chitosan
nanoparticles in water have a size range of 40-374 nm, with an average size of ~
250 nm, as observed by DLS. Furthermore, it was revealed by the study of the number
distribution data that 91.6% of chitosan nanoparticles had diameters less than 100 nm
[91.28 nm (1.6%), 78.82 nm (6.3%), 68.06 nm (17.6%), 58.77 nm (30.2%), 50.72
(26.8%), and 43.82 (9.1%)] [31-33] .

4.2 Interaction Analysis of Nanomaterials by FTIR
Spectroscopy

Interaction evaluation, functional group evaluation, and the types of particular
bonds/interactions occurring between various groups are all used to investigate
the chemical characteristics of chitosan-based nanomaterials, for which Fourier-
transform infrared spectroscopy is employed. Their calculations are crucial when it
comes to changing or adjusting the attributes of nanomaterials. The paired peaks of
the amino and hydroxyl groups stretching vibration in chitosan are responsible for a
band at 3420 cm~!. Furthermore, the C~N, —CONH), stretching vibration of primary
amine, and anhydrous glycosidic bond are indicated by bands at 1385, 1649, and
892 cm~!, respectively. These peaks are sharper and reposition toward 1315, 1640,
and 894 cm™! in Cu-chitosan nanoparticles, indicating boosted interactions. As a
result, the synthesis of chitosan NPs is revealed by the relocation of vibrations from
greater to smaller wavenumbers [33].

4.3 Elemental Analysis of Nanomaterials

4.3.1 X-Ray Photoelectron Spectroscopy (XPS)

Nanomaterials’ surfaces provide sites of interface with other materials and the envi-
ronment. As a result, a proper understanding of the chemical and physical properties
of these nanostructures is a mammoth errand that can be accomplished with the
help of XPS. It is a statistical spectroscopic tool for delving into data regarding the
chemical and elemental composition of substances found inside nanomaterials [34].
Cu, C, O, N, and P elements are found in Cu-chitosan nanoparticles, according to
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quintessential elemental research findings. C and O were the most plentiful compo-
nents found in nanomaterials, while N and P were detected in limited proportions
[35].

4.3.2 Atomic Absorption Spectroscopy

AAS is used to evaluate the concentration of elements present in nanomaterials.
Photons are absorbed by atoms, which allows them to get excited from lower to
higher energy levels. The ionization energy required for the excitation of the electron
is specific to the element. As aresult, each atom has its own unique wavelength profile,
allowing for a qualitative study of chitosan-based nanomaterials. Furthermore, AAS
can be used to focus on the entrapped metal ion release profile in chitosan-based
NMs at different pH levels, agitation intervals, and rates [33].

4.4 Solid-State Characteristics of Nanomaterials by X-ray
Diffraction (XRD)

X-ray diffraction is often employed to study the solid-state characteristics of nano-
materials. The molecular design of nanomaterials can be elucidated using solid-state
characteristics data. Understanding the fundamental architecture of nanomaterials
can aid in the efficient and precise functionalization and modification of these mate-
rials. Furthermore, these features can be used to further create an extraction strategy
for chitosan nanoparticles, resulting in a structure that is suitable for a wide range
of applications [33]. XRD is a non-destructive technology that studies the structure
of materials on an atomic or molecular scale. XRD analysis of chitosan has been
reported in a number of research studies. The crystalline peak intensity in the XRD
diffractogram was found to be low intensity (20 = 19.5 and 21.0), which revealed
the presence of Cu-chitosan NPs, allowing solid-state characteristics to be assessed
[36, 37].

4.5 Internal and Surface Characteristics of Nanomaterials

The properties of the superficial and internal environment of chitosan-based nanoma-
terials, such as topology, inner architecture, biochemical functionalization, charac-
terization, purity assessment, degree of agglomeration, and dimensions, are studied
using electron microscopy and cryogenic electron microscopy [38].
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4.5.1 Scanning Electron Microscopy (SEM)

SEM can be considered to be a crucial method for studying geometry, external
morphology, and functionalization of diffused and aggregated chitosan-based nanos-
tructures from top to bottom. The exterior of the nanomaterials is examined using a
high-energy beam of electrons. Under optimal conditions, many of the state-of-the-
art SEM machines can unveil data even in the 2 nm range. Chemical data on various
nanomaterials can be obtained using a combination of SEM and energy-dispersive
X-ray spectroscopy (SEM-EDX). In the various research publications, SEM data of
chitosan-based nanomaterials has been frequently described [31, 39, 40].

4.5.2 Transmission Electron Microscopy (TEM)

Because of its higher spatial resolution relative to SEM, the most popular electron
microscopy tool for the evaluation of chitosan-based nanoparticles is TEM. It is a key
technique for the characterization process, which includes analysis of size, internal
structure, and interactions between nanomaterials [33]. TEM can provide information
in the 0.2 nm range under optimum circumstances. TEM images of spherical-shaped
chitosan-based nanomaterials have been reported in several publications [39, 41].

4.5.3 Cryogenic-Scanning Electron Microscopy and Transmission
Electron Microscopy

Cryo-SEM/TEM has recently emerged as a fundamental method for characterizing
nanomaterials. This technique allows researchers to examine nanomaterials in a
chemically unaffected and fully hydrated form at cryogenic temperatures (usually —
100 to —175 °C) [42, 43]. It can be used to investigate the surface profile, geometry,
dimension, and inner structural properties of chitosan-based nanomaterials in the
same way that SEM and TEM can. The increased adoption of these approaches is
due to the speedy pace of specimen processing, efficiency, the convenience of use,
and imaging quality. Cryo-SEM/TEM edges out conventional SEM or TEM due to
their numerous advantages like excellent resolution, swiftness, and examination in a
completely hydrated condition, less dispersed material translocation, and suitability
for liquid/semiliquid substances [43].

S Applications of Chitosan

The creation of efficient and safe chitosan-based biomaterials for diverse biomed-
ical utilizations (Fig. 5) like drug delivery, biosensors, tissue engineering, and
wound healing has been the focus of extensive research and development during
the last several years. The central emphasis was on prospective biomedical uses
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based on chitosan nanocomposite, with a specific focus on its upgraded physico-
chemical and biological attributes. The customary biological uses of chitosan-based

nanocomposites are depicted in the diagram below.
As per the requirement of the desired application, chitosan can be rendered into

numerous reactive formulations as shown in Fig. 6.
The next sections focus on the various biomedical application in a summarized

manner.

Fig. 5 Broadened application of chitosan-based bionanocomposites. Reproduced from Motia et al.
(2021) with permission from Elsevier
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Fig. 6 Different formulations of chitosan. Reproduced from Ajahar et al. (2021) with permission
from Elsevier

5.1 Drug Delivery

The use of nanomaterials in pharmaceuticals is becoming increasingly popular.
Because of their tiny dimensions, nanoparticles can permeate through various biolog-
ical membranes and convey drugs to specific areas with greater effectiveness [44].
Chitosan is perhaps the most essential polysaccharide for drug delivery due to
its cationic characteristics and the existence of primary amino groups. These are
in charge of many of their properties, including permeation augmentation, in-
situ gelations, mucoadhesion, and calculated release of drugs [45]. Premeditated
chitosan bio-decomposition allows for the controlled and steady discharge of loaded
moieties while decreasing dosing frequency, which is beneficial for improving patient
medication adherence [46].

Numerous research publications have identified chitosan-based nanoparticles to
be enticing candidates for oral drug conveyance, owing to their unique perks like
enhanced solvation of loaded hydrophobic medications, regulated drug delivery,
minimal cytotoxicity, and improved therapeutic performance. Furthermore, nanopar-
ticles in the intestinal system prevent unstable medications from deteriorating enzy-
matically. Nanoclays, reduced graphene oxide, gold NPs, layered double hydroxide,
hydroxyapatite, mesoporous zeolites, and Fe and SiO, NPs are among the various
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nanoparticles employed in the fabrication of chitosan-based drug carrier systems,
according to the literature [ 1, 47—49]. Also, because of the creation of grueling routes
for clays, 2D layered nanosheets such as carbon nanotubes (CNT), MXenes (TizC,,
Nb,C) nanoclay, or graphene exhibit better drug release profiles [50]. Moreover, other
researchers have sought to incorporate mesoporous silica and other nanoparticles,
such as hydroxyapatite, into chitosan frameworks in order to fine-tune drug-loading
efficiency and release properties [51, 52].

Dev et al. [53] adopted an emulsion approach to produce poly(lactic acid)
(PLA)/CS nanoparticles for anti-HIV medication delivery. Lamivudine, a hydrophilic
antiretroviral, was incorporated into PLA/CS nanoparticles. In vitro, drug release
tests revealed that when the medium’s pH changed from basic to acidic to neutral,
the rate of drug release from PLA/CS nanoparticles reduced. When comparing acidic
and basic pH, the rate of drug release decreased in acidic pH. This could be owing to
the fact that H* ions repel cationic groups found in polymeric NPs. These findings
suggest that PLA/CS NPs are a potential delivery system for controlled anti-HIV and
cancer medication delivery.

Sandhyarani and Chandran [54] used the solution-casting method to synthesize
electric field-sensitive nanocomposite thin films comprised of chitosan/Au NPs and
incorporated 5-Fluorouracil. In an electrolyte solution, the produced nanocompos-
ites had a greater drug delivery efficacy (63%) and consistent-release regulated by an
externally manifested electric field (DC). Shah et al. [55] used in-situ co-precipitation
to create chitosan/Ag NP composite films with integrated moxifloxacin medica-
tions. The drug-encased nanocomposite films have superior mechanical qualities
and antibacterial activity against a variety of microorganisms. These achievements
in the realm of drug delivery are piquing attention and sending a clear message to
produce sophisticated and upgraded nanomaterials/nanodevices for enhancing drug
delivery efficiency by employing chitosan-based bionanocomposites (Table 1).

5.2 Gene Therapy

Chitosan-based bionanopolymers are strongly cationic, making them ideal choices
for intracellular transport of nucleic acid biomolecules. Due to the cationic property
of chitosan, it produces a complex of polyelectrolytes with oppositely charged nucleic
acid moieties, which shields nucleic acids from nuclease disintegration [56].

Multiple illnesses such as cystic fibrosis and Parkinson’s can be treated employing
these genetic components (ribonucleic acid and deoxyribonucleic acid). The advan-
tage of chitosan carriers is that they minimize the cytotoxicity problem that plagues
the plurality of the artificial polymeric devices, in addition to having the unique
capability of transcellular movement. Furthermore, because the amine groups are
positively charged, they can transfer plasmid DNA (pDNA) into cells via membrane
invagination and endocytosis [57].

Different techniques for constructing chitosan-based protein-embedded nanopar-
ticles have been documented. Emulsification along with cross-linking is the most



320 S. Kumar et al.

Table 1 Some examples of chitosan and its derivatives-based nanocomposites in diversified
functional formulations for drug delivery [2]

Serial | Nanocomposites Formulation Receiver | Characteristics

no

1 Glycol chitosan-o-nitrobenzyl Nano-micelles | Mouse Biologically
succinate compatible and

superior drug
carrier system for
antitumor treatment

2 Chitosan-Mg—Al-PO4-nanoclay | Nanohybrid Mouse Benign, more
hydrogel, biologically
scaffold compatible, and

protracted

distribution with
site-specific cellular
proliferation

3 Chitosan Hydrogel Swine Benign, causes no
cross-linked-6-phosphogluconic | (ionic) skin itching, may
trisodium be used as a

medicine carrier
and also for the
dressing of wounds

4 Interferon-alpha embedded NPs Mouse Oral delivery,
chitosan harmless, intrusive,
and more

patient-friendly
organic medication
can be rendered as
cytokines and
protein therapeutics

popular method of preparation, although the use of organic solvents and cross-linkers
can have a deleterious impact on protein expression [58]. To improve chitosan’s
effectiveness for gene delivery, researchers tried grafting polyethyleneimine into
1-butyl-imidazolium acetate [59] or fabricating chitosan derivatives in 1-ethyl-3-
methylimidazolium chloride [57]. Consolidation of nucleic acids, shielding against
breakdown, preservation in physiological settings, cellular incorporation, endolyso-
somal discharge, unloading, and transportation of the genetic material to the nucleus
are all essential steps in the gene delivery process [60]. A range of methodologies has
been attempted to increase chitosan’s protein-sponging capacity, including the inser-
tion of various functionalities (imidazole, histidine, etc.). In vitro and in vivo, chitosan
has been exploited to transfect an array of cell varieties. A549, HeLa, HEK293, and
COS-1 seem to be the most widely transfected cell varieties with chitosan-pDNA
complexes under in-vitro conditions [61]. RNAi was also effectively implanted into
HEK?293, H1299, CHO-K1, and HepG?2 cells using chitosan-RNAi complexes [61].
For pharmaceutical application, gene medications can be administered in a multitude
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of ways, but one of the more inventive strategies involved incorporating complexes
into a scaffold and propagating them to the problematic location [4].

In an exclusively built-in-situ reactor, Chen et al. [57] detailed the production of O-
alkylated chitosan derivatives in 1-ethyl-3-methylimidazolium chloride solvent with
N, N’ -carbonyldiimidazole as a binder. It is claimed that the ionic liquid solvent’s
unique properties are responsible for the selective alkylation of hydroxyl groups
without protecting the amino (-NH;) groups in chitosan. Furthermore, the chitosan
derivatives’ increased solubility in the presence of organic solvent may facilitate their
future use in gene delivery studies [2].

Bionanocomposites based on chitosan offer hope for genome treatment and
nucleic acid transport so as to cure genetic diseases. Future studies on improving
the formulation of nucleic acid and gene delivery to targeted cells will hopefully
upgrade the features and enhance the conveyance of nucleic acid and gene therapy
on target sites.

5.3 Tissue Engineering and Regenerative Medicine

Tissue engineering is the process of leveraging live cells to create biological replace-
ments for insertion into the body and/or to encourage active tissue reformation by
manipulation of their extracellular space or genetics. It is an effective technique
for repairing, replacing, preserving, or augmenting the performance of a particular
organ/tissue [62].

A detailed grasp of bone architecture and the process of healing is required to
select suitable biological materials for tissue engineering. In terms of selecting appro-
priate biomaterials, chitosan nanocomposites containing nanofillers such as bioac-
tive glass, zeolite, hydroxyapatite, Cu NPs, carbon filler, etc., are widely used in
tissue engineering applications in the form of fiber meshes, scaffolds, thin films, and
hydrogels [1]. Chitosan possesses a hydrophilic surface that stimulates cell adhesion
and growth, unlike many artificial polymeric materials. Chitosan molecules are very
adaptable, allowing them to be easily changed into thin films and scaffolds, with a
wide range of uses in tissue regeneration and cell transplantation. Chitosan may be
treated in a variety of ways to create 3D scaffolds with a range of porous structures
for bone-tissue regeneration. These functionalized scaffolds induce bone-forming
osteoblast cell growth as well as the generation of a mineralized bone framework
[3].

Multiple physiologically functional moieties, extracellular matrix (ECM)
constituents, and cells are now well understood to coordinate at the nanometer scale.
Electrospun nanofiber mat has a structure that is highly comparable to human native
ECM, making it suitable scaffolding equipment for tissue engineering and cell culture
[63]. Water-soluble carboxymethyl chitin (CMC)/PVA blend, electrospun for tissue
engineering applications was described by Shalumon and colleagues [64]. To produce
nanofibers, the proportion of PVA (8%) and CMC (7%) was tuned, then combined
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in various ratios (0—100%) and electrospun. By cross-linking fibers with glutaralde-
hyde fumes and then heating them, the fibers became insoluble in water. This led
to the creation of bioactive and biocompatible nanofibers. Cells were able to adhere
and proliferate in nanofibrous scaffolds, according to cell attachment experiments.
These findings show that the nanofibrous CMC/PVA scaffold promotes cell prolifer-
ation and adherence, indicating that it could be a great pick for the purpose of tissue
engineering.

Nanosurfaces have a significant impact on cell behavior. Nanophase ceramics,
compared to microphase ceramics, are known to have better cell-material inter-
connections [65]. The development of chitosan/nBGC and chitin/nBGC composite
scaffolds for the purpose of tissue engineering is a good example of this [62]. The
lyophilization procedure was used to create chitosan or chitin /nBGC composite
scaffolds. When the nBGC were evenly distributed on the pore walls, the composite
scaffolds displayed satisfactory porosity. Apart from their potential to become bioac-
tive, the generated nanocomposite scaffolds exhibited acceptable swelling and disin-
tegration characteristics. Direct contact test, MTT assay, and cell attachment tests
were used to analyze the chitin/nBGC and chitosan/nBGC scaffolds’ cytocompati-
bility. There was no evidence of toxic effects, and the cells were discovered to adhere
to the scaffolds’ pore walls. These findings indicated that the composite scaffolds
generated may be employed in the field of tissue engineering [62].

5.3.1 Cartilage

Because of its similarities to glycosaminoglycans found in the extracellular matrix,
chitosan is the most commonly employed biopolymer for cartilage tissue engineering
[66]. Due to the biocompatible and non-poisonous characteristics of biopolymers
like gelatin, silk fibroin, alginate, and collagen, their chitosan-based nanocomposites
have garnered significant research in the area of cartilage tissue engineering [67].
By using an in-situ precipitation approach, Zhi-Sen et al. [68] were able to create a
robust, porous, and resistant chitosan—gelatin-based hydrogel with Young’s modulus
of 3.25 MPa and a tensile rigidity of 2.15 MPa. The hydrogel was able to demonstrate
multiplication and wonderful adhesion of human thyroid cartilage cells due to its
incredibly porous architecture, which aided the cells’ growth and transit of nutrients.
Furthermore, it was observed that 65.9% of the produced hydrogel was decomposed
after a period of 70 days.

5.3.2 Bone

Chitin and chitosan have minimal mechanical capabilities by nature. As a result,
chitin can be employed as a bone-substituent material for bone healing and rebuilding,
only if the mechanical characteristics can be enhanced by adding biomaterials such as
bioactive glass—ceramic (BGC), hydroxyapatite (HAp), or other biomaterials. BGCs
are a class of bone-healing materials consisting of osteoconductive silicates. Chitosan
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(CS)-gelatin (CG) composite scaffolds with nBGC were developed by integrating
gelatin and chitosan with nBGC [69]. According to the findings, the scaffold has a
macroporous internal structure with pore sizes varying from 150 to 300 pum. With the
addition of nBGC, protein adsorption improved and the nanocomposite scaffolds’
disintegration and swelling tendency decreased. As incubation time rose, a higher
degree of mineral deposition on the nanocomposite scaffold was revealed by biomin-
eralization investigations. The performance of these nanocomposite scaffolds in the
direct contact test, MTT assay, and cell attachment experiments showed that they
are more favorable choices for cell spreading and attachment. Hence, these scaffolds
can be employed to regenerate alveolar bone successfully [69] (Table 2).

5.4 Cancer Diagnosis and Treatment

Cancer is an exceptional disease portrayed by abnormal cell multiplication, which in
the long run prompts the development of a cluster of cells called malignant cancer.
Chemotherapy is usually utilized for the therapy of various diseases like lung cancer,
breast cancer, prostate cancer, and so on. Despite the fact that chemotherapy showed
strong anti-cancer action, it has numerous limits which at times hinder its application
in medical settings. Chemotherapy is limited by three factors: (1) brief half-life, (2)
non-specific anti-cancer activity, and (3) extreme aftereffects. To defeat these imped-
iments, a targeted drug transportation system has emerged as a promising option for
traditional chemotherapy. Deliberate preying on tumor cells, extending medication
half-life, and regulating the release of the drug have all been demonstrated with
the designated drug carrier framework. Due to the sheer diminutive dimensions of
nano-transporters and their ability to preserve the drug from enzymatic defilement
along with renal sieving, target-tailored drug carrier devices prolong the half-life
of chemotherapeutic circulation. Even though these drug-loaded nanocarrier frame-
works can evade enzymatic degradation and renal sieving, they were discovered to be
eliminated through absorption of the reticuloendothelial framework. PEG-covered
nanocarriers and PEGylated nanocarriers [70, 71] have been developed in the recent
years and are regarded as remarkable enhancements due to their cloak and dagger
effect, which allows drug-loaded nanocarriers to avoid renal sieving and enzymatic
degradation and thus disseminate freely in the bloodstream, resulting in increased
bioavailability of the drug at the assigned location and broadening its restorative
competency.

The pharmacodynamics and pharmacokinetics of the drug-encased chemother-
apeutic medications are substantially influenced by the nanocarriers used. Several
chitosan nanoparticle-based chemotherapeutic formulations have been designed and
tested in vivo and in vitro on various tumors in an attempt to identify a superior tumor
treatment [70]. Bionanocomposites based on chitosan can preferentially permeate the
membranes of cancerous cells and provide an antitumor effect through a variety of
antiangiogenic, enzymatic, apoptotic, and immune-enhancing mechanisms. They are
hidden from non-tumor cells and attack cancerous cells with increased bioavailability
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Table 2 Summarizes a few popular chitosan nanocomposites for the purpose of bone engineering

[1]

Nanocomposites Chitosan Attributes compared to | Study of cell lineage
additives information/synthesis original chitosan and cytotoxicity
technique materials when compared to
original chitosan
materials
Tobermorite type Molecular mass Cell compatible; MG-63 human
nanoclay (chitosan | low/solvent casting bioactive and osteosarcoma cells;
film) biodegradable viability of cells

improved up to 30%

Hydroxyapatite
(chitosan film)

DDA of chitosan
>95%/solution casting

Alkaline phosphatase
level rose by 377%,
collagen I grew by
479%, and osteopontin
climbed by 597%: all
outstanding
osteodifferentiation
features

Mesenchymal stem
cells; viability of
cells enhanced by
52%

Silicon dioxide and
zirconia NPs
(chitosan scaffold)

75-85% DDA and low
molecular
mass/freeze-drying
technique

Protein adsorption,
deswelling, and
biodegradation rates,
and accelerated
biomineralization
abilities are significantly
improved

Osteoprogenitor
cells; zero toxicity
shown by
nanocomposites
scaffold at fewer
proportions of
Si0;/Zirconia NPs
encapsulation

Nano-crystalline
calcium phosphate
(chitosan scaffold)

DDA = 92.3%/solution
approach

Enhanced proliferation,
mechanical
characteristics,
fibronectin, and cell
adhesion

Human embryonic
palatal
mesenchymal cells;
viability of cells >
65%

Bioglass (chitosan
scaffold)

Needle punching
technique

Porosity was raised by
around 86% without
impacting mechanical
integrity; cell adherence
and multiplication were
enhanced

Human bone
marrow stromal
cells; viability of
cells raised by four
times after seven
days of culture

over time. The magnetic sensitivity of bionanocomposites speeds up the antitumor
agent’s intravenous dispersion while reducing cytotoxicity [72]. Chitosan coating
significantly enhanced the selectivity of magnetic NPs under conditions of hyper-
thermia. Thus, magnetic hyperthermia is indeed a potential tumor treatment method.
The use of chitosan coating increased the targeting of magnetic nanoparticles in
hyperthermia. Anti-cancer action of the complexes of chitosan/metal is owing to
their interactions with cellular DNA and antioxidative capacity. The multiplication
of cancerous cells has been reported to be suppressed by the more dissoluble variants
with lower molecular weight chitosan oligosaccharides [73]. Thus, drug transport
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devices combined with the bioavailability, and antioxidative attributes of chitosan-
based nanocomposites can create a new vista for creating novel medications and
techniques for the treatment of cancer.

For the treatment of bladder tumors, chitosan hydrogels embedded with (-
glycerophosphate and magnetic NPs (for the steady and long-term administration
of bacillus Calmette Guérin) were synthesized by Zhang and colleagues [74]. The
apoptosis of cancerous cell clusters was studied by Bae and team [75] using chitosan-
g-PEG/heparin bio-nanocomplexes. These complexes showed superior internaliza-
tion of cells in comparison with unbound heparin exclusively. Furthermore, after the
internalization of cells, heparin discharges induced apoptosis of the tumorous growth
via activation of caspase. Sasidharan and colleagues [62] applied an aqueous chem-
istry approach at RT to synthesize a breakthrough nanomaterial structure centered
on mannosylated ZnS with robust fluorescence intensity and extensive durability.
Under this investigation, d-Mannose was utilized to effectively functionalize chitosan
entrapped zinc sulfide NPs, thereby generating mannosylated ZnS with a dimension
of approximately 120 nm. According to in-vitro cytotoxicity assessment using MTT
assay, the mannosylated zinc sulfide NPs had negligible toxicity for normal and
tumor cells alike. The mannosylated nanostructures were used to specifically attack
tumor cells. The target specificity of mannosylated zinc sulfide nanostructures toward
mannose-containing KB cells was revealed by fluorescence microscopic investiga-
tions, with no particular adhesion on normal cells. These studies greatly demonstrate
the importance of chitosan-centric nanomedicine in cancer treatment (Table 3).

Table 3 Summary of a few chitosan-based nanocomposites in diversified formulations having
anti-cancer action [2]

Bionanocomposites Formulations Receiver Characteristics
Glycol Nano micelles Mouse Biocompatibility;
chitosan-o-nitrobenzyl superior drug carrier for
succinate tumor treatment
GO/dimethylmaleic NPs HepG2 cells Smart antitumor
anhydride-altered nanocomposite having
chitosan enhanced curative
activity
Chitosan/dextran NPs HepG2 cell Nanoscale drug carrier
sulfate/chitosan with enhanced
impediment toward
cancerous clusters
Disulfide-bridged NPs Mouse Steady release of drugs
chitosan-Eudragit at the specified site;
S-100 tumors in the colorectal
area are affected
GO-functionalized Nanocomposite | MCF7, HeLa and L929 | Antitumor medication
chitosan polyelectrolyte cells delivered in a regulated
manner to the desired
site
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5.5 Bioimaging

Bioimaging has been widely utilized for both scientific surveys and primary diag-
nostic trials [76, 77]. This approach aids in the investigation of physiological
processes spanning from cells at the nanoscopic level to the mammalian degree.
Because of its ability to automatically measure, recognize, and profile phenotypic
variations, this method is regarded as a viable technique for learning more about
complex physiological phenomena [78, 79]. Altered chitosan and its hybrid nano
polymers have evolved as interesting bioimaging materials of late. Chitosan’s photo-
luminescent property was studied for bioimaging, and it showed photoluminescence
in the aqueous phase.

Salehizadeh et al. [80] created a magnetically susceptible core—shell nano polymer
for bioimaging by mixing Fe;O4-AuNPs with chitosan as the stabilizer. The superior
magnetic character of magnetite ensured magnetic resonance for imaging, while gold
NPs served the purpose of photothermal conversion, and stimulate optical qualities.
So as to create exceptionally robust covalently cross-polymerized fusion nanogels,
Wu’s research group [81] demonstrated in-situ confinement of cadmium selenide
QDs in chitosan—poly (methacrylic acid) nanogels. They came to the conclusion
that the synthesized bionanocomposite can be used for efficient bioimaging and
biosensing. The nanogels created established the likelihood of concurrent surveil-
lance and assessment responsiveness during therapies. Lin’s team [82] used an ethyl
alcohol-mediated counter-ion complex formation technique in an aqueous medium
to fabricate CdSe/ZnS quantum dot-embedded chitosan fusion nanospheres. It was
discovered that produced fusion nanostructures may well be absorbed by cancer cells
and hence act as cell imaging tagging tools. It might be used to image malignancies
in rodents having tumors, utilizing intra-tumoral injection of a substance that would
concentrate at the cancer site through the circulatory system.

Due to the diverse functions of chitosan-centric biomaterials, the bioimaging
domain appears to be a viable arena for assisting and speeding up the curative
procedure. In any event, a slew of testing difficulties persists to this day. These
can be answered by large-scale medical tests and further analysis of the reconfigured
nanocomposites.

5.6 Wound Healing

Healing of wound progressive mechanism that involves the controlled synthesis of
inflammatory, vascular, and connective tissues. The injury dressing biomaterials must
create a moist condition surrounding the wound, soak secretions, mechanically main-
tain the tissue, prevent drying of the wound, stimulate cellular proliferation, and
function as a barrier against microbial pathogens while allowing for the exchange
of gases. To accelerate wound regeneration, the perfect wound patch should not be
allergenic or virulent and have a high antibacterial and cytocompatibility rating [83,
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84]. A variety of biomaterials have been evaluated as wound coverings for both
acute and persistent wounds. Inflammation, hemostasis, motility, proliferation, and
restructuring are all coordinated activities in the wound repair mechanism, and the
tempo of regeneration fluctuates according to the biopolymers utilized.

Even though numerous artificial or organic materials are being used, chitosan-
centric nanopolymers (Fig. 7) have received much interest for a variety of reasons,
including superior microbiological resistance, oxygen penetration, photothermal
consequences, stimuli sensitivity, and simplicity of usage. Antibiotics like sulfa-
diazine, ciprofloxacin, or tetracycline, metallic antibacterial particulates (nCu, nAg,
or nZnO), and natural substances/extracts (Salix alba leaves, Juglena regia, aloe vera,
and so on) can all be incorporated into chitosan for the production of enhanced antimi-
crobial wound dressing [85-88]. Nanofibers made of chitosan trigger macrophages
and speed up tissue repair. Furthermore, chitosan-induced re-epithelialization and
restoration of the granular surface of the skin have also been documented [89].

Via electrospinning followed by photo-polymerization, Zhou’s research team
[90] effectively created a bio-nanofibrous scaffold exhibiting increased stability in
water. They used photo-cross-linked maleilated chitosan/methacrylated poly(vinyl
alcohol) in the aqueous phase. The developed product has great biocompatible
features, according to in-vitro cytotoxicity evaluation and could be used as a potential
bandaging material for wounds. A micro-porous, elastic, and chitosan hydrogel/nano
ZnO-based bandage for wound treatment was created by Sudheesh Kumar and
colleagues [91]. It works as a barrier against microbes and offers a moist atmosphere
and cooling effect. These synthesized chitosan-based bandages improved edema,
blood coagulation, and antimicrobial properties. Bionanocomposite scaffolds are
cytocompatible with the dermal fibroblast cells of human beings, which promotes
their usage for diabetic foot ulcers, burn injuries, and chronic injuries.

With the addition of bio-nanofillers, it is anticipated that researchers will soon
create dramatically improved chitosan-centric bionanocomposites that will accel-
erate re-epithelialization and optimize the efficiency to eliminate microbes from the
injured area.

Fig. 7 Mechanism of wound healing with bionanocomposites based on chitosan. Reproduced from
Motia et al. (2021) with permission from Elsevier
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5.7 Antibacterial and Anti-fungal Action

Chitosan provides a variety of antagonistic efficacies against various fungi and
bacteria. Attributed to variations in cellular framework, the mechanism of antibac-
terial action differs for both Gram-positive and Gram-negative bacteria. Chitosan is
actually believed to be fungistatic instead of fungicidal, similar to bacterial activity
[4]. Chitosan does not require chemical manipulation to trigger its antimicrobial
effects. Nevertheless, chitosan NPs considerably boost their anti-fungal action.

Multiple concepts on the mechanism of antimicrobial activity, including the
following, have lately been suggested and endorsed, despite the fact that the precise
mechanism for the antibacterial and anti-fungal activity of chitosan and its derivatives
has not yet been adequately elucidated.

Polycationic nature of chitosan [92, 93]

Interaction with bacterial DNA (mRNA suppression) [4, 94]

Chelation agent (nutrients and essential metals) [95, 96]

Chitosan has the ability to envelop the bacterial cell surface which blocks the
uptake of nutrients. Additionally, it obstructs the O, pathway and prevents the
development of aerobic microorganisms [97, 98].

For the enhancement and modification of the antibacterial action of both artificial
and organic compounds, chitosan was used as a nanodevice for their transporta-
tion. Antibiotics, natural chemicals, antimicrobial peptides, and proteins are some
of these entities. To boost the efficiency of the medication against bacterial devel-
opment, various kinds of antibiotics including penicillins, tetracycline, vancomycin,
cephalosporins, and aminoglycosides were encased in chitosan nanocarriers [99].
These nanocarriers were used, especially to enhance the administration of antibi-
otics into cells infiltrated by intracellular bacteria or to strengthen their potency
against pathogens with multiple resistances.

The most popular chitosan-metal complexes for research studies are Ag-based
nanostructures. According to studies done by Du’s team [100], chitosan solution
and nanoparticles comprising of metals like Cu(Il), Mn(I), Zn(II), and Fe(II), all
had reduced antibacterial effects against Gram-negative and Gram-positive bacteria
(MIC varying from 3.0 to 6.0 g mL~") in comparison with Ag*/chitosan complex
NPs. The effectiveness of cefazolin-embedded chitosan NPs against multi-resistant
Gram-negative bacteria like P. aeruginosa, E. coli and K. pneumonia was assessed
by Jamil and colleagues [101]. Data obtained from the agar well diffusion assay and
broth microdilution method showed that the drug-embedded chitosan NPs boosted
antibacterial activity against the three pathogens, relative to simple cefazolin solu-
tion. Furthermore, Vancomycin’s effectiveness against drug-resistive S. aureus, as
proven by Chakraborty and others [102], firmly established the potency of drug-
embedded chitosan NPs against antibiotic-resistive strains of bacteria. In a different
investigation by Zhang’s team [103], catechin and catechin/zinc complex were incor-
porated into chitosan NPs to increase the bioavailability and antibacterial impact
of catechin. L. innocua & E. coli were used to test the antibacterial effect, and



14 Conclusion and Future Prospects of Chitosan-Based Nanocomposites 329

the catechin-zinc complex encased chitosan NPs showed a greater impact than the
normal catechin-encased kind. Additionally, all specimens, along with the unloaded
chitosan NPs, showed greater antibacterial action against L. innocua. A study done
by Panwar’s group [104] showed that the surface of chitosan NPs has a positive
charge which was critical in promoting their engagement with the fungal cells’ oppo-
sitely charged plasma membrane. This prevented Candida albicans from forming
a biofilm by compromising its physical stability. These findings were consistent
with research done by Ing and colleagues [105], which revealed that Candida albi-
cans were successfully eliminated by chitosan NPs at a dosage of 1 mg/mL. For
enhanced anti-fungal action, Fawzya et al. [3, 106] created chitosan oligosaccharide
polymers by hydrolyzing chitosan with an enzyme from Aeromonas media KLU
11.16. In another study [107], EVA/chitosan-based PEG-PCL micelles nanocom-
posite films were produced by solution-casting technique. These nanocomposites
possessed improved anti-fungal efficacy and temperature-responsive drug deliver-
ance. Through pre-harvest fertilization, they led to the production of grape-fruit of
superior standards.

5.8 Anti-viral Action

Living beings frequently suffer from a variety of viral diseases, some of which
can be fatal. Although standard anti-viral medications are effective in curing viral
infections, they can have negative consequences or even be toxic to the body.
Several methods emphasizing the physical methodology have been used to create
Ag nanoparticle/chitosan blends [108]. In order to create Ag/chitosan bionanocom-
posites with a range of reducing and/or stabilizing components, thermal techniques
like the freeze-drying process and also specialized materials like polyvinylpyrroli-
done and carboxymethyl chitosan have been used [108]. Ghosh and his team [109]
applied a layer-by-layer synthesizing approach, which involved a thin layer of
Ag-chitosan composite being poured onto a quartz and stainless-steel strip. More
recently, applying the principles of green chemistry, chitosan-based bionanocompos-
ites with integrated silver nanoparticles have been created using a natural polymer
that performs double duty as a stabilizing agent and a reductant [110].

Silver nanoparticles with chitosan coating were developed by Mori and colleagues,
and their efficacy against viruses like HIN1 was examined. The findings showed that
the composites with finer silver nanoparticles had a considerable inhibitory action,
whereas chitosan in the pure form alone showed little anti-viral action [111]. Addi-
tionally, a new study by Loutfy et al. demonstrated a chitosan-curcumin nanohybrid
that can cure human hepatoma cells of the genotype 4a of hepatitis C virus [112]. Ina
different research, antimicrobial and anti-viral films for the safe packaging of foods
were created by integrating green tea extracts with eatable coatings of chitosan. The
nano-polymeric film synthesized successfully suppressed and neutralized the murine
norovirus and Escherichia coli bacterial colonies [113].
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5.9 Orthopedics and Dentistry

The most significant and common dental remedy for preventing oral caries is fluoride.
However, the substantial prevalence of dental fluorosis raises alarm [56].

Chitosan and bioactive glass—ceramic (BGC) blended nano scaffold has been
created and is being researched for a variety of orthopedic applications, including
bone regeneration and engineering [70]. BGC is an assortment of osteoconductive
bone-repairing agents which are based on silicates. Hench synthesized BGC for the
firsttime in 1991, and it was employed as a biocompatible substance for bone healing.
Owing to its prospective capacity to bind to hard as well as soft tissues, BGC is now an
important material in the world of dentistry and orthopedics. A nanophase version of
bioactive glass—ceramic has recently been created using the sol-gel method. When
compared to micro-BGC, it has demonstrated improved interactions between the
material and the cells [62]. A chitosan/macroporous nano-BGC scaffolding frame
with dimensions of pores spanning from 150 to 500 pm was created by Peter’s team
[69]. This bandaging nanostructure enhances adherence, dispersion, and proliferation
of cells, according to in-vitro research on osteoblast-like cells (MG-63) [114]. A
biofilm for laminating orthopedic implants, consisting of chitosan and multi-walled
carbon nanotubes, was developed by Ahmed and colleagues [56]. Titania and zirconia
are two of the most used materials for orthopedic laminations and bone implantations.
For laminating 316L stainless-steel substratum, Clavijo et al. [115]. examined the
bioglass/chitosan/TiO, matrix and achieved superior biomechanical characteristics
for implantation purposes. In addition, Bartma’nski and his team achieved excellent
biocompatibility in a Til3Zr13Nb alloy nanocomposite wrapped with chitosan/nAg
[116].

Chitosan and propolis together showed a synergistic relationship for enhancing
antibacterial action. Chitosan incorporated with dentifrice significantly inhib-
ited the demineralization of enamel around the dental braces during orthodontic
therapy. Both gypsum-based chitosan and calcium phosphate carboxymethyl-
chitosan bionanocomposites can be used as pulp capping agents to enhance cyto-
compatibility and proliferation of human dental pulp stem cells. The calcium phos-
phate carboxymethyl-chitosan composite has the odontogenic capability, enhanced
physical qualities, accelerated curing, is biocompatible, and solidifies quickly upon
freezing, thereby satisfying the fundamental requirements of a prospective agent
for pulp capping and regeneration [117, 118]. Using the freeze-drying technique, a
porous chitosan-based scaffolding nanostructure was produced. The surface of the
fabricated scaffold was then loaded with human dental pulp stem cells. The obser-
vations indicated improved gene delivery and that the dental pulp stem cells devel-
oped into an odontoblast-like phenotype [56]. Moreover, Costa’s team suggested that
chitosan NPs can be used to fight plaque on the enamel surface, which is linked to
gingivitis, periodontitis, and cavities in human beings [99]. The antibacterial effects
of chitosan NPs with varying degrees of acetylation and molecular weight on Strep-
tococcus mutans biofilm were studied by Chavez de Paz and colleagues [119]. The
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chitosan nanoparticle formulations with low molecular weights (up to 150 kDa) effec-
tively engaged with bacterial cells (more than 95% of afflicted cells) and disrupted
the cell membrane stability in Streptococcus mutans throughout the whole region
affected by plaque formation. The bactericidal efficacy of chitosan NPs against four
distinct species of cariogenic streptococci (Streptococcus sanguis, Streptococcus
mutans, Streptococcus sobrinus, and Streptococcus salivarius) was assessed in the
research paper published by Aliasghari’s team [120]. According to the findings,
these compounds can inhibit the formation of biofilms in vitro, in addition to having
antibacterial and anti-adhesion properties.

6 Drawbacks and Challenges

Deliberations about the drawbacks enable us to improvise material-based investiga-
tions and explore novel utilizations. Chitosan has promising prospects for various
applications in the biomedical field, as evidenced by the rising number of research
reports on chitosan-based nanocomposites. But despite having unprecedented biolog-
ical and physiochemical attributes, chitosan suffers from certain pitfalls that pose
significant hurdles and restricts its utilization in some foremost sectors. In order to
fully exploit the benefits of this promising biopolymer and guarantee its availability
for any application in distinctive sectors, the following noteworthy limitations must
be addressed imperatively:

e Inferior solubility in physiological pH is a constraint in the biomedical sector
[121].

e The Food and Drug Administration (FDA) has deemed it as food-contact material,
but the European Food Safety Authority says otherwise. So, the safety of this
material is still questionable [122].

e Low colloidal stability inhibits drug delivery [123].

e Economic practicality of eco-friendly bio-nanopolymer in the market of the real
world [3].

e Efficacy of drug discharge, drug-loading capability, rate of decomposition of
used nanocomposites, and delivery time period are other challenges faced by
researchers [2, 124].

7 Future Prospects

The future holds great prospects for the innovation of chitosan and chitosan-based
nanocomposites.

e Development in agriculture

Recent in-vivo and in-vitro studies showcase chitosan-based nanocomposites as a
game-changer in agri-economics to lessen the negative environmental consequences
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of traditional chemical fertilizers and deliver the upcoming generation of sustainable,
compostable, and environment-friendly fertilizers. Primary usages include piscicul-
ture improvement, pest control, meat production, seed preservation, and enhance-
ment of plant immune by gradual, regulated, and selective nutrient conveyance to
plants. Chitosan-based nanomaterials serve as a rich supply of nutrients for plants,
providing them with C (~54-48 wt%), O (~42-30 wt%), N (~8—6 wt%), and P (~6-3
wt%) [125]. Additionally, via its functional groups, chitosan nanomaterials can be
further modified to provide additional nutrient content. Thus, extensive research can
be committed to developing this efficient and realistic approach to safeguard farming
operations and also our ecosystem.

e Development of chitosan carrier for brain drug delivery

Chitosan-based nanocarriers have received a lot of attention for the delivery of
drugs to the brain, and extensive research has been done on them with respectable
outcomes. But to dismay, it was discovered that the chitosan-based nano delivery
device interacted with the antibodies. Following this, in-vivo studies were conducted
which showed their nanocarriers conjugating with antibodies, and their cytotoxicity,
in the long run, was also assessed [126]. Therefore, the scholar can focus on these
topics in their subsequent research investigation.

e [mproving the properties for medical application

Studies have shown that the tissue sensitivity for chitosan-based biopolymers
is discernably different when contrasted with lone materials. Cellular feedback,
adherence, differentiation, and proliferation can be modulated through surface
functionalization of nanoparticles and modifications of chitosan by moieties such
as peptides, proteins, small biomolecules, and polymers, which in turn provides
for improved bio-sensitivity, thereby facilitating enhanced cell-substrate reciproca-
tion, and ameliorate physical properties of the substrate. Chitosan-based nanoma-
terials with bespoke characteristics show encouraging end results, such as selec-
tive drug/gene conveyance, faster bone rebuilding, superior wound regeneration,
boosted osteogenesis, and angiogenesis. Nonetheless, it is of the utmost importance
to perform research and surveys before starting clinical trials, since chitosan-based
nanomaterials may elute as time goes by and also, the study of biodistribution in
long-term animal trials should be done exhaustively. To be more precise, cells may
absorb the nanoparticles released from the nanocomposites through endocytotic
pathways, as exhibited by nanographene sheets that have been proven to infiltrate
cells through phagocytotic uptake or clathrin-mediated endocytosis. The molecular
mass and degree of deacetylation of chitosan are some additional disadvantages that
severely affect its use. One recent study found that chitosan promotes the rupture
of lysosomes that causes macrophage cytokines to be produced when glucosamine
concentrations are more than 30,000 g/mol [127]. Moreover, the nanoparticulate
concentration (such as CNTs, silver sulfadiazine, and bioactive glass), employed as
fillers beyond a particular wt% leads to an appreciable decline in cell viability which
hampers tissue engineering applications. Other nanoparticles did not enhance any
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properties. However, regardless of these blemishes of chitosan-based nanomaterials,
they have a lot of potential for further study in the biomedical field.

e Wound healing

UV irradiated chitosan/ZnO nanocomposite is a superb research topic in the
near future, owing to the distinctive optical and semiconducting attributes of ZnO
combined with UV’s ability to promote photocatalysis. All these factors improve the
bacteriostatic characteristics of the synthesized nanocomposite [128].

® Heterogeneous nanocatalysis

Inefficiency, impotent and low yield of conventional catalysts like iBr, CTAB,
CuBr, salicylic acid, and L-proline are huge barriers in the synthesis of essential
derivatives having antidiabetic, antitumor, geroprotective, antitubercular, and pain-
killing activities. This is where chitosan and chitosan-based bionanocomposites come
in as excellent future research options for heterogeneous bio-nanocatalysis because
lately, Asgharnasl and his team achieved encouraging results from magnetically
susceptible chitosan-terephthaloyl-creatine bionanocomposite [129].

e Discovering substitute sources

The exoskeleton of crustaceans is primarily made of chitin, which is also present
in several other species, including fungi, mollusks, and insects. The a-chitosan from
crustacean chitin is produced from recycled shrimp and crab shells and is the most
widely exploited variant of chitosan. An enzyme known as chitosanases that is found
in the species itself can also be used to extract chitosan from bacteria and fungus.
But with rising popularity comes the fear that these natural resources will disappear.
To restore the ecological balance, researchers must, therefore, hunt for alternate
supplies.

e FEco-friendly and cost-efficient production

The traditional chemical technique of obtaining chitin poses several environmental
concerns. lonic liquids, microbial fermentation, deep eutectic solvents, microwave-
mediated extraction, enzyme-mediated extraction, ultrasonic-mediated extraction,
subcritical water extraction, and electrochemical extraction are a few methods
that have been fruitfully established recently, using green harvesting methods for
retrieving chitosan and chitin from different sources.

8 Conclusion

The indiscriminate exploitation of non-renewable resources and the harmful effects
of non-biodegradable materials have led to the rise of a new era in the study and
development of environmentally safe materials. Bionanocomposites are the leading
contenders among the possible candidates with the intrinsic qualities of biocompat-
ibility, biodegradability, and non-toxicity, along with their improved structural and
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functional features. They possess numerous extraordinary properties which can be
considered to be a boon to the human race.

This chapter has expounded on the chitosan-based bionanocomposites and the
apprehension of their exceptional qualities. Different sources of chitosan, alteration
techniques, and manufacturing methods have also been discussed. Global appli-
cations, advantages, and limitations of the chitosan-based bionanocomposites are
described in depth. This chapter also draws attention to certain areas that have scope
for further scientific study and investigation and provides insights to the scientists
to work on ways to augment the physiochemical properties of this biopolymer. This
chapter eventually concludes that even though multiple chitosan bionanocomposite-
based utilizations are still in infancy, a booming future lies ahead of it with enhanced
distinctive attributes like thermal, mechanical, protective properties, crystallization,
and decomposition rate, which reflects their métier in the biomedical field, industrial
field, agronomic field, and so on.
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