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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. 
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CHO Chinese hamster ovary 
CMC Carboxymethyl chitin 
CNT Carbon nanotubes 
Cryo-SEM/TEM Cryogenic-scanning electron microscopy and transmission elec-

tron microscopy 
CS Chitosan 
CTAB Cetrimonium bromide 
DC Direct current 
DDA Degree of deacetylation 
DLS Dynamic light scattering 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
ECM Extracellular matrix 
EVA Ethylene–vinyl acetate 
FDA Food and Drug Administration 
FTIR Fourier-transform infrared spectroscopy 
GO Graphene oxide 
HAp Hydroxyapatite 
HEK Human embryonic kidney 
HIV Human immunodeficiency virus 
mRNA Messenger ribonucleic acid 
MTT Microculture tetrazolium 
NPs Nanoparticles 
NMs Nanomaterials 
PCL Polycaprolactone 
PEG Polyethylene glycol 
PVA Polyvinyl alcohol 
QDs Quantum dots 
RNAi Ribonucleic acid interference 
RT Room temperature 
SEM Scanning electron microscopy 
TEM Transmission electron microscopy 
UV Ultraviolet 
XPS X-ray photoelectron spectroscopy 
XRD 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
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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 
β 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 (−NH2) 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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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 (-NH2) 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 
give reliable, 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 (θ ) 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−1. Furthermore, the C–N, −CONH2 stretching vibration of primary 
amine, and anhydrous glycosidic bond are indicated by bands at 1385, 1649, and 
892 cm−1, respectively. These peaks are sharper and reposition toward 1315, 1640, 
and 894 cm−1 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 a result, 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 (2θ = 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]. 

5 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 SiO2 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 (Ti3C2, 
Nb2C) 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
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Table 1 Some examples of chitosan and its derivatives-based nanocomposites in diversified 
functional formulations for drug delivery [2] 

Serial 
no 

Nanocomposites Formulation Receiver Characteristics 

1 Glycol chitosan-o-nitrobenzyl 
succinate 

Nano-micelles Mouse Biologically 
compatible and 
superior drug 
carrier system for 
antitumor treatment 

2 Chitosan-Mg–Al-PO4-nanoclay Nanohybrid 
hydrogel, 
scaffold 

Mouse Benign, more 
biologically 
compatible, and 
protracted 
distribution with 
site-specific cellular 
proliferation 

3 Chitosan 
cross-linked-6-phosphogluconic 
trisodium 

Hydrogel 
(ionic) 

Swine Benign, causes no 
skin itching, may 
be used as a 
medicine carrier 
and also for the 
dressing of wounds 

4 Interferon-alpha embedded 
chitosan 

NPs Mouse Oral delivery, 
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 
HEK293, H1299, CHO-K1, and HepG2 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 (–NH2) 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 μm. 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 
additives 

Chitosan 
information/synthesis 
technique 

Attributes compared to 
original chitosan 
materials 

Study of cell lineage 
and cytotoxicity 
when compared to 
original chitosan 
materials 

Tobermorite type 
nanoclay (chitosan 
film) 

Molecular mass 
low/solvent casting 

Cell compatible; 
bioactive and 
biodegradable 

MG-63 human 
osteosarcoma cells; 
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 
SiO2/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 β-
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 
chitosan-o-nitrobenzyl 
succinate 

Nano micelles Mouse Biocompatibility; 
superior drug carrier for 
tumor treatment 

GO/dimethylmaleic 
anhydride-altered 
chitosan 

NPs HepG2 cells Smart antitumor 
nanocomposite having 
enhanced curative 
activity 

Chitosan/dextran 
sulfate/chitosan 

NPs HepG2 cell Nanoscale drug carrier 
with enhanced 
impediment toward 
cancerous clusters 

Disulfide-bridged 
chitosan-Eudragit 
S-100 

NPs Mouse Steady release of drugs 
at the specified site; 
tumors in the colorectal 
area are affected 

GO-functionalized 
chitosan polyelectrolyte 

Nanocomposite MCF7, HeLa and L929 
cells 

Antitumor medication 
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 Fe3O4-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 O2 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(II), Mn(II), 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−1) 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
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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 H1N1 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]. In a 
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 
first time 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 μm 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/TiO2 matrix and achieved superior biomechanical characteristics 
for implantation purposes. In addition, Bartma’nski and his team achieved excellent 
biocompatibility in a Ti13Zr13Nb 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: 

• Inferior solubility in physiological pH is a constraint in the biomedical sector 
[121]. 

• 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]. 

• Low colloidal stability inhibits drug delivery [123]. 
• Economic practicality of eco-friendly bio-nanopolymer in the market of the real 

world [3]. 
• 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. 

• 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. 

• 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. 

• Improving 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. 

• 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]. 

• 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. 

• Eco-friendly and cost-efficient production 

The traditional chemical technique of obtaining chitin poses several environmental 
concerns. Ionic 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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