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Preface 

Chitosan, a biomaterial usually extracted from the wastes obtained from sea food 
processing industries, have slowly taken the centre stage, both scientifically and 
commercially. Starting from health supplements to medical devices, food additives 
to cosmetics, chitosan has found its applicability in different facets of life. Following 
its discovery in 1811 to the present day, this cheap and readily available biopolymer 
has found its way from laboratories to industries, owing to its wonderful proper-
ties like biodegradability, biocompatibility, mucoadhesivity, non-toxicity, antimi-
crobial nature, optical properties and many more. Even after multitudes of scientific 
research, still there exists some grey areas related to chitosan, namely structure, 
mechanical properties, solubility, stability and processibility which opens up new 
windows for further improvements. This task is taken upon by the field of material 
science which suggested overcoming these limitations by the means of chemical 
and physical modifications. Chitosan has been composited in various ways by using 
materials to impart desirable properties to the overall material. Several materials 
like polymers, nanomaterials, natural bioactive materials, amino acids have been 
utilized to get robust materials with accentuated properties. Out of these, combining 
chitosan with different nanomaterials to form chitosan-based nanocomposites have 
emerged as a viable option to widen the applicability of chitosan by enhancing its 
properties by manifolds. Last few decades have witnessed the incorporation of a 
wide variety of nanomaterials like metal/metal oxide nanoparticles, carbonaceous 
nanomaterials, polymeric nanomaterials, peptide nanostructures, layered nanoma-
terials, and ceramics for designing of chitosan-based nanocomposites which over-
comes the drawbacks faced by the pristine biopolymer. These hybrid materials have 
been employed in various applications like sensing, biomedical, theranostics, agri-
culture, food additives, environmental remediation, packaging and other industrial 
applications. Out of these, health care sector has seen an exponential rise in the 
use of chitosan-based nanocomposites for applications like drug delivery, wound 
healing, biosensing, cancer therapy, gene delivery, and tissue engineering. But, the 
present world requires the mechanization of these biomedical applications to ensure 
advanced outcomes in health care sector. Chitosan-based nanocomposites are being 
increasingly used for different bionanomechanical applications. Studying the release
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mechanics, entrapment mechanism in nanoscale and other related parameters of these 
nanocomposites have become the prime interest of material scientists. Amalgama-
tion of different bionanomechanical applications of chitosan-based nanocomposites 
under a unified literature is the main driving force behind the present book. 

The prime objective of this book “Chitosan Nanocomposites: Bionanomechanical 
Applications” is to provide a broad coverage on chitosan and its potential uses in 
tissue engineering, dentistry, wound healing, targeted drug delivery, nanomedicines 
and many more. This book is divided into seventeen chapters, each of which focuses 
on one of the important issues stated above while also highlighting recent devel-
opments made by eminent academics and researchers. The chapters discussing the 
importance of chitosan, extraction and isolation techniques, chemical and biolog-
ical aspects, modifications, nanocomposite formation and its potential applications 
in different bionanomechanical applications and its future perspectives stands as 
the backbone of the present book. The book presents the journey of chitosan from 
crustaceans wastes to its advanced applications in different industries, as an illus-
trative story to invite the interest of readers towards this beautiful biomaterial and 
its magical properties. Different aspects of chitosan based nanocomposites have 
been schematically presented by representative figures, schemes and tables. The 
book aims on providing students, academicians, research community and industri-
alists new insights on chitosan nanocomposites in bionanomechanical applications 
as well as present ideas for further scope for research and improvement in the field. 
The present book contains seventeen chapters in various topics with contribution of 
authors with affiliation from thirteen different countries. 

We, the editors, would like to extend our sincere gratitude to the Springer Nature 
and the eminent handling editor, Dr. Loyola D’Silva for giving us an opportunity 
to present our ideas through this book as part of the book series, “Biological and 
Medical Physics, Biomedical Engineering”. We express our thanks to Dr. Saranya 
Kalidoss and Dr. Saranya Devi Balasubraminan for their timely help and support 
throughout the editing process. We would like to express our deep sense of grati-
tude to the research groups of Dr. Butnariu, Dr. Chatterji, Dr. Kassab, Dr. Staden, 
Dr. Szopa, Dr. Palanisamy, Dr. Nie, Dr. Li, Dr. Sarkar, Dr. Altuntas, Dr. Hajam, 
Dr. Yasri, Dr. Rajivgandhi and Dr. Damiri for contributing their valuable works to 
make this book a success. We would also like to acknowledge the untiring efforts of 
all members of our research laboratories, namely Ms. Swapnita Patra, Ms. Krishna 
Manjari Sahu, Mr. Susobhan Swain, Mr. Shuvendu Shuvankar Purohit and Mr. Sachit 
Kumar Das, for the successful completion of the book. If our efforts, in partnership 
with our contributing authors and publishers, are successful in satisfying the require-
ments of academics, researchers, and students in the fields of engineering, material 
science, biomedical sciences, as well as those in the pharmaceutical discipline, we 
will be glad. 

Burla, Sambalpur, Odisha, India Prof. Sarat Kumar Swain 
Ms. Anuradha Biswal
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Chapter 1 
Chitosan: A Smart Biomaterial 

Anuradha Biswal and Sarat Kumar Swain 

Abstract Chitosan is the second most abundant biopolymer after cellulose for which 
it has been given a special class of attention by researchers for its versatile properties. 
Its biocompatibility, antibacterial behaviour, antifungal properties, and non-toxicity 
play a vital role in choosing chitosan as a smart material for different applications. 
Structurally, chitosan is the deacetylated form of chitin with achieving better func-
tionalities due to the presence of free amino groups. For that reason, it is a multifunc-
tional polymer by which it achieves maximum compatibility during its fabrication. 
This introductory chapter of the present book reveals the history of chitin and chitosan 
including the source and isolation of chitin and gives an overall idea of chitosan as a 
smart material. The physicochemical properties of chitosan are an essential point for 
designing chitosan-based devices. The processibility of chitosan along with various 
applications is highlighted in this chapter. It is found as a prospective biomate-
rial having potential applications in agriculture, paper, textile, and food industries; 
wastewater treatment; cosmetics; environmental remediation; and various biomed-
ical areas like wound healing, tissue engineering, and gene therapy. The outcome of 
the present chapter may explore a special interest for the readers towards the active 
concentration and involvement in different chapters of the present book. 

1.1 Introduction 

With the onset of the green revolution, the search for eco-friendly and renewable alter-
natives to be used in different applications is the main aim of the scientific community. 
Production of cheap and sustainable materials for different day-to-day applications 
is the need of the hour. For this purpose, biomaterials have emerged as a great choice 
because of their abundance, biodegradability, and biocompatibility. Recent research 
scenario is directed towards designing materials and devices with a proper selec-
tion of a wide range of available biomaterials. Biomaterials can be most accurately
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defined as “any material or combination of materials of synthetic or natural origin, 
that can be used for a prolonged period of time, having the ability to replace any 
tissue, organ partially or completely which in turn improves the quality of life of an 
individual” [1]. Four categories of materials fall under this definition, namely metals, 
polymers, composites, and ceramics. However, the biodegradability and biocompati-
bility of synthetic polymers limit their usage over natural polymers. The natural poly-
mers like cellulose, starch, chitin, hyaluronate, alginates, etc., have gained increasing 
interest in many biological and biomedical applications due to their close structural 
resemblance with biological macromolecules. This makes their biorecognition easier 
and therefore are conveniently degraded into non-toxic residues to be removed by 
natural processes from the bioenvironment [2]. Naturally found polysaccharides have 
now dominated many fields like biomedical applications, packaging, textile, paper 
industry, agriculture, and environmental protection. 

In this regard, chitin and chitosan have emerged as rare gems to be utilized in 
almost every facet of life. Its rising importance may be credited to the source of 
its extraction, i.e., marine waste products, biodegradability, antibacterial and anti-
inflammatory properties, and mucoadhesivity which makes them suitable for appli-
cation in many biomedical fields (Fig. 1.1) [3]. A huge number of scientific literatures 
have been published to establish the importance of chitin and chitosan in different 
applications. From Scopus, about 17,000 citations can be found on chitosan, its 
chemistry, and related applications [4]. This impressive citation statistics reflect the 
wide investigation of chitosan for different applications. Being a smart biomaterial, 
chitosan is highly employed for different biomedical applications. Either in a virgin 
state, functionalized state, or in combination with other polymers, chitosan shows 
potential antimicrobial and antioxidant activities [5]. Chitosan is composed of β-
1,4 connected D-glucosamine and N-acetyl-D-glucosamine units that are distributed 
randomly in the polymer. It is the partially deacetylated form of chitin. It is cationic 
in nature as compared to other biopolymers which are anionic or neutral in nature. 
This factor is behind the unparalleled functionalities shown by chitosan over other 
polymers. This also aids the formation of electrostatic complexes with other nega-
tively charged natural or synthetic polymers [6]. The physicochemical attributes of 
chitosan such as molecular weight, degree of crystallinity, and degree of deacetylation 
strongly affect its biological properties [7]. Chitosan has been employed and tested 
for a plethora of applications like packaging, drug delivery [8], tissue engineering 
[9], wound dressings, water treatment [10], etc. in the past few years.

This particular chapter is dedicated to explore the past and present of this unique 
biomaterial. The evolution of chitosan, sources, and extraction techniques have been 
elaborately discussed along with the inclusion of illustrative schemes. The present 
chapter also sheds light on some important properties of chitosan along with its 
wide range of applicability in different industrial and biomedical fields. The chapter 
will help students, researchers, and industrialists in understanding the different 
outstanding properties of chitosan and aid in the discovery of novel applications.
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Fig. 1.1 Unique properties of chitosan

1.2 Chitin/Chitosan: A Smart Biomaterial 

Chitin is a polysaccharide of natural origin that is characterized as a white, inelastic, 
hard nitrogen containing compound that is usually obtained as a by-product of food 
processing industries. It is the second most abundant material after cellulose. It consti-
tutes the major component of the exoskeletons of crustaceans like crabs, shrimps, 
lobsters, molluscs, insects, and fungi [11]. 

Chitosan, on the other hand, is referred to as the resulting product obtained from 
the partial deacetylation of chitin. Structurally chitosan is a copolymeric struc-
ture containing β-(1 → 4)-2-amino-D-glucose units and β-(1 → 4)-2-acetamido-
D-glucose units with the former exceeding by 80% [12]. This is mainly comprised 
of two sugar moieties, i.e., N-acetylglucosamine and glucosamine. The ratio of both 
sugar components is dependent on the treatment with alkali. Each monomeric unit 
of chitosan contains one free primary amine group along with two hydroxyl groups. 
It is analogous to the structure of cellulose [13]. Chitosan is considered unique in 
comparison to other polysaccharides due to the presence of about 6.89% nitrogen 
content, which creates commercial interest in the biopolymer [14]. 

Both chitin and chitosan show the phenomena of polymorphism in which different 
forms of the same compound is resulted from differences in polarities and packing 
orientation of adjacent polymeric chains in subsequent sheets. The presence of highly 
reactive amino and hydroxyl groups results in affinity towards inter- and intramolec-
ular hydrogen bonding to yield linear aggregates along with rigid crystalline struc-
tures. Spectroscopic techniques have detected three crystalline forms of chitosan, i.e., 
α, β, and γ forms of chitosan. Among these, the α-allomorphic form is more domi-
nant with adjacent chains arranged in opposite directions. The subsequent sections
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Fig. 1.2 Timeline of chitosan evolution 

discuss the history of chitosan discovery, isolation, and properties of chitosan in 
detail. 

1.2.1 History of Chitin and Chitosan 

The history of chitin and chitosan can be traced back to 1811 in France, when 
the chemist Henri Braconnot denominated the insoluble residue obtained from the 
extraction of fungi with alcohol, water, and dilute alkali as fungine/fongine [15]. The 
detailed timeline of the discovery of chitosan till date is represented schematically 
in Fig. 1.2. He discovered the natural polysaccharide from fungi 30 years prior to 
the discovery of cellulose. It was further named as chitine by Odier in 1823. In 1843, 
Lassaigne detected the presence of nitrogen in chitine. However, in 1859, Charles 
Rouget treated the then reported chitine with concentrated caustic potash under reflux 
conditions to obtain a new compound named “chitine modifiée”. The newly discov-
ered material was found to be soluble in organic acids [16]. The term “chitosan” was 
finally coined by Felix Hoppe-Seyler in 1894 which referred to a modified form of 
chitin, obtained from treated shells of scorpions, crabs, and spiders, that is easily 
solubilized in acid [17]. This was followed by an era of controversy and confusion. 
The confusion rose due to severely disputing results obtained by different laboratories 
due to a lack of a clear understanding of the structure as well as the nomenclature of 
different polysaccharides investigated during that time [18]. After the differentiation 
between chitin and cellulose by using, X-ray diffraction techniques, chitin as well as 
chitosan grabbed a lot of attention due to the study of natural fibres. This led to the 
formation of chitosan films and fibres which were patented by George W. Rigby in
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mid-1930s [19]. This period witnessed an exponential rise in the use of chitosan in 
different industrial applications like the paper industry [20], photography [21], textile 
[22], and adhesives [23]. In the 1960s, chitosan was popularized due to its combina-
tion ability with red blood cells. With such an upsurge in the application of chitosan, 
the 1st international conference dedicated to chitosan was held in 1977. Till date 
there are about 2000 established applications of chitin/chitosan and their derivatives 
[24]. These polysaccharides have opened up a new window for researchers to explore 
numerous applications attributing to their ease of processibility and modification. 

1.2.2 Sources and Biosynthesis of Chitin 

Chitin, being the second most abundant biopolymer, is readily available in nature 
which aids its increasing demand to a great extent. It usually is found as ordered 
macro-sized fibrils present in the exoskeletons of crustaceans, molluscs, cuticles of 
insects, fungi, etc. (Fig. 1.3) [25]. The main sources of chitin have been summarized 
as follows [26, 27]: 

• Crustacean shells (shrimps, lobsters, crayfish, krill, and barnacles). 
• Molluscs (cuttlefish, octopus, clams, snails, squids, and oysters). 
• Algae (diatoms, green algae, and brown algae). 
• Fungi cell wall (Ascomycetes, Phycomycetes, and Basidiomycetes like Mucor 

rouxii, Aspergillus niger, Penicillium notatum, etc.). 
• Insects (silkworms, housefly, spiders, ants, brachiopods, beetles, and scorpions). 

Recently, chitosan employed for industrial application is primarily isolated from 
crustacean shells, i.e., shells of prawns, shrimps, and crabs that can be conveniently

Fig. 1.3 Various sources of chitin 
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collected from wastes of food industries. Furthermore, cocoon breeding in silk indus-
tries, fermentation of fungal specimens, and protein extraction from insects have also 
become a leading contributor of chitin. Fish scales do not give impressive yields and 
therefore are discarded as they contain chitin of only 1 wt% of their total weight 
[28]. According to records, 1012–1014 tons of chitosan are extracted from crus-
tacean wastes every year [29]. Many leading companies like Heppe Medical Chitosan 
GmbH, Chinova Bioworks, G.T.C. Bio-corporation, and Golden-Shell Biochemical 
contribute a huge part in the production of chitosan from shrimp shell wastes for 
different applications including food, medical, waste management, textile, drug, and 
many more [30]. 

In order to have a complete understanding regarding chitin, chitosan, choice 
of extraction routes, and their related properties, knowledge about the biosyn-
thesis mechanism of chitin in different organisms is a must. The biosynthesis 
pathway of chitin is same for all organisms, starting from insects to fungi and crus-
tacean shells to algae. The biosynthesis process can be broadly divided into five 
stages, i.e., production of N-acetylglucosamine-6-phosphate from sugar molecules 
like glycogen, glucose through hexosamine pathway [31], generation of amino 
sugar uridine diphosphate N-acetylglucosamine-(UDP-N-acetylglucosamine), and 
the polymerization reaction of UDP-N-acetylglucosamine into chitosan, catalyzed 
by chitin synthase. This is followed by the deposition of synthesized chitin along 
the surface of the cell membrane and subsequent release into the extracellular space. 
In the final stage, the chitin gets self-assembled to form nanofibrils [32–34]. The 
chains then condense together to form microfibrils and get oriented in the ECM, 
i.e., cuticles, cell walls, and peritrophic matrices [35]. Chitin composition depends 
on species, gender, age, season, habitat, and other related environmental conditions 
of the source from which it is extracted [36]. X-ray diffraction studies differentiate 
chitin into three allomorphic forms, i.e., α, β, and γ-chitin. These microfibrils are also 
differentiated depending on the number of chains, orientation, unit size, and degree 
of hydration. The α-chitin is the highly abundant and stable crystalline form that 
is found in exoskeletons of arthropods like crabs, lobsters, krill, and insect cuticles 
[33]. The β-chitin is isolated from squid pens and diatoms, where the microfibrils 
are oriented in the parallel direction, rendering flexibility to the structure [37]. The 
γ-chitin exhibits random orientation of the microfibrils [38]. Chitin is found in a 
combined state with other components like minerals, proteins, lipids, and carbohy-
drates in the crustacean shells. Hence, isolating chitin and subsequent synthesis of 
chitosan are essential for necessary applications. 

1.2.3 Isolation of Chitin 

Isolation of chitin is a very laborious process as compared to cellulose. Naturally 
found chitin is extracted in a combined state with different biomolecules, as discussed 
in the earlier section. Removal of these impurities becomes very essential to obtain the 
pristine product for onward applications [39]. Classical extraction methods are very
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Fig. 1.4 Extraction process of chitin from crustacean wastes 

time-consuming and have a severe impact on the environment due to the necessity of 
energy, huge quantities of alkali and mineral acids, and other hazardous chemicals 
[40–42]. 

1.2.3.1 Steps involved in Isolation Process 

The isolation of chitosan from biomass involves a series of steps as follows: 

• Pre-treatment of biomass. 
• Deproteination. 
• Demineralization. 
• Decolouration. 
• Post-treatment processing. 

These steps are described elaborately in the next section (Fig. 1.4). The order of these 
series of steps can be altered or some steps can be skipped depending on the source 
and type of biomass obtained. The degree of deacetylation of chitin and the degree 
of crystallinity are highly dependent on the source and can be changed during the 
purification stage. 

1.2.3.2 Pre-treatment Step 

This step comprises all the processing that is necessary to prepare the collected 
biomass for the extraction of chitin. This includes scrapping to eliminate soft tissues, 
boiling, and subsequent pressing. For many organisms, boiling may be included in
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the hygienization step. The biomass is then dried and size reduction is done for 
further processing. 

1.2.3.3 Demineralization 

The high mineral content of the biomass is removed in the demineralization step. 
As the crustacean exoskeletons consist of higher CaCO3 content (>50% (w/w)), 
demineralization becomes advisable [43, 44]. This is done by two general methods, 
i.e., biological and chemical demineralization. The chemical demineralization tech-
nique involves the utilization of acids like H2SO4, HNO3, CH3COOH, HCOOH, 
and HCl [39]. Whereas, the biological demineralization technique involves the use 
of bacteria or bioenzymes like Alcalase® [41]. The acids generated by these species 
interact with the calcium carbonate and subsequently form a precipitate which can 
be easily eliminated by simple washing. 

1.2.3.4 Deproteination 

Chitin chains remain entangled in a matrix made up of protein, which requires 
removal during purification to be used in food or biomedical applications as some 
proteins are allergenic [45]. The chitin chains are connected to the proteins by several 
hydrogen bridge bonds as well as covalent interaction of the free amino groups present 
in the skeletal structure [46]. Hence, high processing is done to obtain complete 
deproteination. In the chemical deproteination method, NaOH is commonly selected 
as a reagent. The efficacy of this process is highly dependent on processing temper-
ature, the ratio of alkali to biomass as well as the concentration of the alkali used 
[47]. However, during the deproteination stage, chitin can show some alterations 
like hydrolysis and partial deacetylation of the biopolymeric chain [45]. Biological 
deproteination can also be done using proteases and isolated proteases (purified or 
crude) [48]. As the impact of biological deproteination is less harsh as compared to 
the chemical counterpart, certain smaller amino acids and peptide fragments are left 
attached to the chitin chain after the process [45] along with very less alteration in 
the degree of deacetylation [49]. 

1.2.3.5 Decolouration and Post-Treatment Processing 

This step is adopted to remove the coloured pigments that are obtained for some 
organisms (for example, pink colour pigments in the case of biomass obtained from 
crustacean shells). For this, a mild reaction with potassium permanganate or hydrogen 
peroxide is done [50, 51]. This can also be achieved by carrying out extraction using 
solvents like chloroform, acetone, or ethanol [52]. The post-treatment processing 
comprises of drying, neutralization, and milling to obtain the final chitin of the 
required size and texture.
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1.2.4 Conversion of Chitin to Chitosan 

The final isolated chitin obtained after several stages of extraction has very limited 
application due to the presence of rigid crystalline structures, acetylated groups, 
and most importantly lack of solubility in aqueous solutions [53]. Removal of these 
acetylated groups, even partially, can imbibe desirable characteristics like biocompat-
ibility, biodegradability, and solubility. This partially deacetylated product (degree 
of deacetylation of more than 50%) is termed as “chitosan”. Usually, two methods, 
namely enzymatic and chemical methods, are adopted for successful deacetylation 
of chitin to get chitosan, a material that is highly utilized in various applications 
[54, 55]. 

1.2.4.1 Enzymatic Deacetylation Technique 

Enzymatic deacetylation refers to a rather eco-friendly process of chitosan production 
from chitin by using an enzyme called chitin deacetylase. But, the complex process of 
selecting, breeding, cultivation, and extraction of good quality of bacteria secreting 
the concerned enzyme for this method restrains the choice of this method [56]. The 
careful selection of bacterial strains led to the production of viable chitosan for 
successful utilization in different applications. Bacterial strains are highly preferred 
over the current use of fungal strain as it is easier to breed and cultivate during 
fermentation [57]. 

1.2.4.2 Chemical Deacetylation Technique 

It is the most prominently used method for mass industrial production of chitosan. 
The raw materials are subjected to decalcification, followed by deproteination and 
decolouration to get chitin (Fig. 1.5). This is then reacted with 40–50% sodium 
hydroxide solution to obtain the deacetylated product, chitosan. The degree of 
deacetylation can be manipulated by varying the alkali concentration, chitin/alkali 
ratio, and reaction temperature. This particular method is mostly chosen due to its 
simplicity of the method, ease of implementation, high efficacy level, and control 
over the production process [58, 59]. The limitations associated with this technique 
are the environmental impacts and huge energy requirements.

1.2.5 Physicochemical Properties of Chitosan 

The physicochemical properties of chitosan establish the effect of structural attributes 
with its potential application in different fields [60, 61]. The various parameters like 
time, temperature, and reagent concentration used during the extraction process have
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Fig. 1.5 Conversion of chitin to chitosan

a deep impact on the physicochemical properties of chitosan. There are quite a few 
physicochemical properties of chitosan like degree of deacetylation, average molar 
mass, solubility, water retention, viscosity, crystallinity, nitrogen and ash content, and 
presence of water. Out of these, the degree of deacetylation, solubility, viscosity, and 
average molecular mass are the most essential criteria that decide the applicability of 
chitosan. The percentage of protein and heavy metal content along with endotoxin 
levels determine its utilization as a biomaterial [62]. 

1.2.5.1 Average Molecular Mass 

Determination of the final chitosan product is considered as one of the most essential 
analyses as it determines the biological properties exhibited by chitosan. Extensive 
efforts have established an increase in the biological activity of chitosan with a 
decrease in molecular mass [63–65]. Molar mass detection holds much importance 
in medical applications of chitosan where the structure-activity relationship is vital. 
It predicts the chitosan-assisted biochemical processes that take part in the cells [64– 
66]. It also influences the crystalline size along with the morphological character 
exhibited by the final chitosan product. 

1.2.5.2 Degree of Deacetylation 

The degree of deacetylation is a measure of the acetyl content of chitosan. As 
discussed earlier, the amino group imparts activity to chitosan. To increase the degree
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of deacetylation, chitosan is repeatedly subjected to treatment with an alkali. The 
degree of deacetylation determines the solubility and crystalline nature of chitosan. 
An increase in the degree of deacetylation is accompanied by an increase in charge 
density in the polymeric chains and affects the flexibility. It also plays a vital role 
in cell migration and adhesion. It is observed that a lower degree of deacetylation 
supports cell growth and adhesion [67]. However, it does not have any effect on the 
cytocompatibility of chitosan. 

1.2.5.3 Solubility 

Chitosan is known to be soluble in weakly acidic solutions above pH value 7. It 
shows solubility in certain organic and inorganic acids like lactic acid, phosphoric 
acid, hydrochloric acid, acetic acid, etc. after a long period of stirring. Further, its 
solubility is dependent on the strength of the acidic medium and the pKa value. 

1.2.5.4 Viscosity 

The viscosity of the chitosan solution is directly proportional to the degree of deacety-
lation and concentration, but is inversely proportional to temperature. Commercially 
available chitosan has different viscosities. Higher molecular mass and linear struc-
ture enable it to be applied as a viscosity improving agent. The viscosity of chitosan 
decreases with an increase in shearing rate and hence is termed as pseudoplastic 
[68, 69]. 

1.3 Processibility of Chitosan 

Based on the application, chitosan can be easily processed into different physical 
forms like powder [70], membranes/films [71], flakes [72], composites [73], and 
fibres [74]. Furthermore, chitosan can be manipulated at the nanoscale to form 
different nano-dimensional materials like nanoparticles [75], nanofibres [76], and 
nanocomposites [77], as illustrated in Fig. 1.6. This section provides a brief discussion 
regarding various physical forms of chitosan.

1.3.1 Chitosan Flakes and Powders 

Chitosan flakes are considered to be a easiest to manage form of chitosan. They have 
been used in pristine or combined form for a plethora of applications, especially in 
environmental remediation. Pietrelli et al. studied the Cr3+ removal efficacy from 
wastewater systems using chitosan flakes [78]. The flakes showed higher order Cr3+
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Fig. 1.6 Chitosan processed 
into various forms

loading capacities and recovery percentages. They have also been reported for the 
elimination of impurities from palm oil effluents [79]. Chitosan has been used in 
powdered forms in many fields like the removal of heavy metals [80], dye removal 
[70], and many more. Along with good adsorption ability, chitosan powders can act 
as an excellent coagulating and flocculating agent. 

1.3.2 Chitosan Hydrogel Beads 

Chitosan-based hydrogels act as a lucrative option for many applications because of 
their flexibility, 3D structure, encapsulation efficiency, stimuli responsiveness, and 
adsorptive nature. Starting from biomedical to agricultural industries have witnessed 
a rise in the application of chitosan-based gels. Further, the ease of removal of material 
also provides an additional benefit that makes the recovery of material easier. These 
hydrogel beads are very easily prepared and can be synthesized on a nanoscale (2– 
3 nm). The gel beads are used for catalysis [81], removal of dyes and heavy metals 
[82], wound healing [83], drug delivery [84], biosensing, and many more. 

1.3.3 Chitosan Fibres and Resins 

Chitosan fibres and resins were first reported in 1926 but their production for commer-
cial purposes was a costlier affair. A higher degree of deacetylation of chitin is a 
necessity for the production of chitosan fibres. The treatment of chitin with alkali 
yields chitosan fibres with excellent strength analogous to viscous fibres. These fibres 
exhibit high mechanical strength, tensile strength, and biocompatibility which makes
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them suitable for various biomedical applications like wound healing, tissue engi-
neering, drug delivery, etc. [85]. Based on the crystallinity, structure, and average 
crystallite size, chitosan fibres can be divided into different types [86]. Chitosan 
is susceptible to various alterations which enable the addition of different cationic 
groups via the quaternization modification method. This leads to the formation of 
anion exchange resins, as a strong alternative to the existing anion exchange resin 
models [87]. Chitosan-based resins are widely employed in heavy metal removal 
[88] and dye removal [89]. 

1.3.4 Chitosan Membranes 

Chitosan, due to its film-forming affinity, stability in alkaline medium, eco-friendly 
nature, biodegradability, outstanding mechanical strength, and ability to withstand 
high temperatures, is a viable candidate for membrane preparation [90]. Electro-
spinning has evolved as an effective technique for the production of nonwoven, 
porous, fibrous membranes for many applications like biosensing, catalysis, tissue 
engineering, etc. These synthesized membranes are also good candidates to be used 
in water purification [91], wound healing [92], and removal of heavy metals [93]. 

1.3.5 Chitosan Nanoparticles 

Chitosan nanoparticles were initially reported by Ohya and the group in 1994. They 
synthesized chitosan nanoparticles by emulsification and crosslinking to deliver 5-
fluorouracil, an anticancer drug, intravenously. Chitosan nanoparticles possess the 
inherent properties of chitosan biopolymer and the characteristics of nanoparticles 
like size, interface and surface effects, and quantum effects [94]. Till date there have 
been five synthetic techniques, namely emulsification solvent diffusion, microemul-
sion, ionotropic gelation, reverse micellar method, and polyelectrolyte complexation, 
used for the preparation of chitosan nanoparticles [95]. Out of these methods, poly-
electrolyte complexation and ionic gelation are the most popular. These are very 
convenient and avoid the use of organic solvents and high shearing force [96]. 
Chitosan nanoparticles possess many interesting characters like mucoadhesivity, 
ability of transmucosal permeability, and antibacterial and biological properties 
which enable them to be used in various biomedical applications [97]. 

1.3.6 Chitosan-Based Composites and Nanocomposites 

Virgin chitosan materials may have superior biological properties but a lack 
of mechanical attributes limits their utilization in various applications. Hence,



14 A. Biswal and S. K. Swain

combining it with different materials to form hybrid materials with enhanced prop-
erties yields chitosan-based composite materials. This method not only improves 
the mechanical strength but also accentuates the biological and chemical proper-
ties of chitosan. When chitosan is combined with a nano-dimensional material (size 
between 1 and 100 nm), the resultant product is said to be chitosan-based nanocom-
posites. Recently, chitosan nanocomposites have revolutionized the field of mate-
rial science. Here, both the biopolymer as well as nanomaterials incorporated have 
an impact on the enhancement of particular properties of the overall material. The 
nanofiller (dispersed material in chitosan matrix) exhibits visible improvement in 
thermal, mechanical, and physical properties along with enhancing the inherent prop-
erties like surface area and other physicochemical attributes [98]. Different chitosan 
nanocomposites formed by incorporating chitosan with clay, polymeric, carbona-
ceous, and metal/metal oxide-based nanomaterials have led to novel materials with 
extensive applications in environmental remediation [99], biomedical fields [100], 
food industry [98], packaging industry [101], and many more. 

1.4 Different Applications of Chitosan 

Chitosan has been proved to be associated with a wide range of applications which 
is attributed to its multiple functionalities such as abundance, versatility, low cost, 
biodegradability, biocompatibility, digestibility, and non-toxic nature. Chitosan and 
its derivatives have been used to answer numerous biomedical and environmental 
problems [102]. The different applications of chitosan and its derivatives (Fig. 1.7) 
have been discussed in detail in this section. 

Fig. 1.7 Different applications of chitosan-based materials
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1.4.1 Agriculture and Industrial Applications 

1.4.1.1 Agriculture 

Chitosan has been extensively used in agriculture in the past several years. It is used 
as additives in fertilizers, regulators of plant growth, antiviral agents, and preserva-
tives for agro-based products [103]. Apart from these, chitosan is also used in other 
sectors as in soil quality promoter, plant protection, enhancement in the production of 
secondary metabolites, and as a defence activator. The lamination of chitosan films on 
seeds as a single-layer coating can act as an antimicrobial barrier and protects the seed 
from fungal growth as well as improves the disease resistance capacity. Chandra et al. 
reported that chitosan-assisted camellia shows immunity towards vesicular fusarium 
wilt [104]. Further chitosan on breaking down by microbial action acts as a source of 
nutrients for the promotion of plant growth and increases actinomycetes in soil [105]. 
Additionally, chitosan and its associated derivatives help in building the immunity of 
plants against diseases and climatic changes, as well as lesser dependence on harsh 
fertilizers and pesticides, thus lowering soil pollution. 

1.4.1.2 Textile Industry 

Chitosan has found multiple applications in the textile industry. Chitosan and deriva-
tives have been employed as a coating material to yield novel characteristics to 
the textile [106, 107]. The main application of chitosan in the textile industry is 
in the form of chitosan fibres. Chitosan fibres exhibit remarkable properties like 
biodegradability, biocompatibility, antibacterial properties, and non-toxicity. Deriva-
tives of chitosan imbibe soil repellent and antistatic behaviour to the textiles. In 
medical textiles, chitosan-based materials are also used as sutures, fibres, and threads. 
Chitosan is also used for decolouration of pigments or dye removal in textiles. Func-
tionalized chitosan is also used to give an antimicrobial finish to the cotton [108]. 
The use of chitosan in cloth-making process inhibits bacterial and fungal growth 
in textiles. These chitosan-based fibres are usually synthesized by electrospinning 
and wet spinning method. Li et al. employed the wet spinning method by taking 
LiOH/urea as a solvent for the dissolution of chitosan and manufactured fibres with 
an improved mechanical strength of about 21.6% [109]. Chitosan is also used to 
provide an anti-wrinkle and antibacterial finish to the textile as well as employed for 
the enhancement of dyes. 

1.4.1.3 Food Industry 

In the food industry, edible chitosan (degree of deacetylation > 83%) has mass-scale 
utilization as dietary food additive. Chitosan is used as a supplement for obesity 
control because of its capacity to combine with fats [110]. Upon binding with fats,
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chitosan forms a mass that cannot be absorbed by the body and gets easily eliminated 
by the human body. Chitosan fibres also exhibit hypocholesterolemic properties [14, 
111]. Being unable to be digested by the human body with zero calorific value, 
chitosan is taken as a weight loss supplement. It offers an eco-friendly alternative to 
be used in the food packaging industry as it exhibits enhanced shelf life and aroma 
barrier attributes [112, 113]. Chitosan is also employed as food preservatives for meat, 
vegetables, and other food articles which provides a barrier against spoilage due to 
fungal growth and loss of nutrition [114, 115]. It is also utilized for the preservation 
of beverages, encapsulation, and clarification of bioactive compounds [116]. 

1.4.1.4 Paper Industry 

The paper industry has witnessed a rise in the use of chitosan and derivatives of 
chitosan in past decades. Chitosan has been successfully employed for the strength-
ening of papers obtained via recycling. It is also used in the production of eco-
friendly food wrapping materials, packaging materials, cardboard packaging, and 
toilet papers. With a very close resemblance with cellulose structure, extensive use 
of chitosan in the paper industry has led to a lowering in the use of chemical addi-
tives. Papers manufactured with the usage of chitosan is reported to be resistant to 
moisture and have smooth surface [117]. Another application of chitosan can be as 
a flocculating agent in the wastewater from pulp mills [118]. 

1.4.2 Wastewater Treatment 

Chitosan is increasingly used for removing effluents from the water like grease, 
oils, fine particulates, and heavy metal pollutants from wastewater [119]. Use of 
chitosan in water treatment processes dates to over 30 years. It is used for clearance 
of water spills, as when treated with oil spills, chitosan binds the oil mass which 
makes it easy to remove [120]. Chitosan, having a better affinity towards residual oil, 
hydrophilicity, biodegradability, flocculating, and adsorption capacity, has replaced 
traditionally used coagulants like aluminium, polyaluminium chloride, and poly-
acrylamide. Derivatives of chitin and chitosan have been successfully used in the 
treatment of anionic wastewater streams. N-benzyl sulfonate derivatives of chitosan 
have been used for metal ions removal in an acidic medium [28]. As they show a 
chelating effect and adsorption towards organic particles and heavy metal ions (Hg2+, 
Cd2+, Pb2+, Co2+, etc.), derivatives of chitosan can easily capture these heavy metal 
ions from wastewater and result in subsequent removal. Chitosan is also used in the 
removal of traces of radioactive pollutants like Pu, 60Co, etc. [121].
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1.4.3 Pharmaceutical Industry 

1.4.3.1 Cosmetics 

Chitosan, being a natural gum, has shown vast use in different applications in the 
cosmetics industry. It is used in skin and hair treatments as well as in other cosmetic 
items like nail colours, lotions, and creams. Chitosan upon application on the skin 
surface creates a moisturizing and protective shield due to its film-forming ability. 
Hence, it gives a smoother finish to the skin and provides a shielding effect from 
harsh chemicals present in detergents and other environmental conditions. This is 
the driving idea behind using chitosan in sunscreens and several other lotions. It has 
higher order hydrating characteristics even in comparison to hyaluronic acid. Due 
to this, chitosan is used actively in lip care as it prevents drying and chapping of 
lips. Furthermore, chitosan also ensures softer lips with greater adhesion of coloured 
pigments. It is used in deodorants [120], hair styling polymer, facial masks [122], 
shampoos, and mouthwash [123]. 

1.4.3.2 Drug Delivery 

Chitosan is a non-toxic biopolymer that shows excellent biological properties 
like biodegradability, biocompatibility, encapsulation and film-forming ability, and 
mucoadhesivity, and can be easily absorbable in the body [124]. This makes chitosan 
a potential candidate to be used in various pharmaceutical applications. It is consid-
ered as a viable drug carrier [125]. The most interesting advantage of chitosan in drug 
delivery application is that after the release of the encapsulated drugs, chitosan-based 
carrier is degraded by the lysozymes present in the human body. These degraded prod-
ucts are completely reabsorbed by the body, which makes chitosan significant in drug 
delivery applications. The deliverable drugs are usually blended with chitosan via 
coating, dissolution, or adsorption techniques to get tablets, microspheres, microcap-
sules, gels, and films for sustained release of the encapsulated drugs. Chitosan-based 
delivery systems have been used for the effective release of growth factors, antibi-
otics, proteins, peptides, vaccines, and anti-inflammatory drugs. It is also used in 
different delivery routes like nasal, oral, transdermal, and ocular drug delivery [126]. 

1.4.4 Biomedical Application 

Chitosan shows unprecedented applicability in various biomedical applications like 
wound healing, tissue engineering, gene therapy, phototherapy, anticancer treatment, 
and many more. This is credited to its mechanical stability, optical clarity, gas perme-
ability, immunological activity, wettability, and antibacterial behaviour [107]. This
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particular section discusses some of the biomedical applications of chitosan and its 
derivatives. 

1.4.4.1 Wound Healing 

Healing of a wound is a complex and dynamic method that involves several parame-
ters and six steps. The process is comprised of inflammation, cell proliferation, angio-
genesis, synthesis of a matrix, deposition of collagen, and reepithelialisation. The 
presence of NAG subunit (N-acetylglucosamine) in chitosan holds utmost impor-
tance in the field of skin tissue repair. Chitosan not only promotes the growth of 
cells because of its high positive surface charge but also supports blood clotting and 
thrombosis. Additionally, the presence of free amino groups forms a complex with 
the acidic groups present in the blood cells. Chitosan also regulates the functioning 
of macrophages, collagenase, tumour necrosis factor, and interleukins secretion to 
promote wound healing [127]. Chitosan and its derivatives have shown excellent effi-
cacy as wound dressings [128]. Hence, chitosan exhibits enhanced wound healing 
activity and is considered a suitable candidate to be used as wound dressing material. 

1.4.4.2 Tissue Engineering 

Chitosan has multiple properties like non-toxicity, hemocompatibility, antibacte-
rial and analgesic activities, and several other biological properties that support cell 
migration and repair of tissues. It has unparalleled stability in human body envi-
ronment and the ability to promote angiogenesis which renders it suitable for the 
development of a matrix for the process of tissue regeneration [129]. Chitosan also 
exhibits remarkable water retention, oxygen permeability, and mechanical attributes 
that are significant for the tissue repair and regeneration process. Chitosan has been 
used as potential scaffolds in skin, cornea, cartilage, liver tissue as well as blood 
vessel tissue engineering. 

1.4.4.3 Gene Therapy 

Chitosan exhibits the capability of binding with nucleic acids via electrostatic inter-
actions and gets endocytosed in the cell avoiding further dissociation of the formed 
DNA-chitosan complex [63]. It also has a vital role in the protection of the DNA 
molecules from the lysosomal activity for effective transfection of the cell as well as 
in membranal adhesion. The DNA-chitosan hybrids are formed as nanospheres and 
complexes. This effect has many advantages like (1) embedment of lysosomotropic 
agents which aids the protection of DNA complex from degradation by lysosomes, (2) 
attachment of ligands with the DNA-chitosan complex for receptor-assisted endocy-
tosis, (3) additional encapsulation of bioactives for multiple plasmids, (4) polyplexes 
lyophilization for prolonged storage without considerable activity loss, and (5) higher
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shielding from degradation by serum nuclease [130]. This renders chitosan-based 
materials apt for gene delivery applications. 

1.4.5 Environmental Remediation 

The presence of free amino functional moieties in chitosan enables it to interact with 
negative surfaces [120]. This effect makes it easier for chitosan to form complexes 
with anionic polyelectrolytes which are insoluble in water [131]. Owing to this, 
chitosan is used as an effective adsorbent of phenolic compounds, dyes, pesticides, 
and herbicides from water bodies [132]. In addition to this, due to its distinct structure 
chitosan shows a high affinity towards many dyes like acid, naphthol, and sulphur-
based dyes [133]. Chitosan is also used as a coagulating agent as well as in the treat-
ment of activated sludge eliminated from biological waste treatment. The coagulated 
by-products obtained from food industries consist of 30–75% proteins that have great 
applicability as animal feeds. The use of chitosan ensures successful recovery of this 
protein-rich content from wastewater from food processing industries. Moreover, it 
is also used for coagulating amino acids from wastewater procured from seafood 
processing industries. 

1.5 Remark 

Although chitosan is accepted as the most promising biomaterial for various appli-
cations, improving its strength, stability, and processibility is a big challenge in 
research. To overcome these limitations of chitosan, compatible fillers may suitably 
be chosen for designing composite materials. When fillers are nano-dimensional, 
the dispersibility and interference become highest giving various remarkable proper-
ties to chitosan-based nanocomposites. The aim of converting chitosan from a smart 
biomaterial to sustainable chitosan-based nanocomposites covers the journey from 
laboratory to industry. Based on the idea of the present chapter, the book is designed 
towards bionanomechanical applications of chitosan nanocomposites 
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51. A. Waśko, P. Bulak, M. Polak-Berecka, K. Nowak, C. Polakowski, A. Bieganowski, The first 
report of the physicochemical structure of chitin isolated from Hermetia illucens. Int. J. Biol. 
Macromol. 92, 316–320 (2016) 

52. M. Kaya, S. Erdogan, A. Mol, T. Baran, Comparison of chitin structures isolated from seven 
Orthoptera species. Int. J. Biol. Macromol. 72, 797–805 (2015) 

53. D. Sivaramakrishna, B. Bhuvanachandra, M.K. Mallakuntla, S.N. Das, B. Ramakrishna, A.R. 
Podile, Pretreatment with KOH and KOH-urea enhanced hydrolysis of α-chitin by an endo-
chitinase from Enterobacter cloacae subsp. cloacae. Carbohydr. Polym. 235, 115952 (2020) 

54. M. Yadav, P. Goswami, K. Paritosh, M. Kumar, N. Pareek, V. Vivekanand, Seafood waste: 
a source for preparation of commercially employable chitin/chitosan materials. Bioresour. 
Bioprocess. 6(1), 1–20 (2019) 

55. L.C. Wang, L.Q. Di, J.S. Li, L.H. Hu, J.M. Cheng, H. Wu, Elaboration in type, primary 
structure, and bioactivity of polysaccharides derived from mollusks. Crit. Rev. Food Sci. 
Nutr. 59(7), 1091–1114 (2019) 

56. J. Cai, J. Yang, Y. Du, L. Fan, Y. Qiu, J. Li, J.F. Kennedy, Enzymatic preparation of chitosan 
from the waste Aspergillus niger mycelium of citric acid production plant. Carbohyd. Polym. 
64(2), 151–157 (2006) 

57. K. Kaur, V. Dattajirao, V. Shrivastava, U. Bhardwaj, Isolation and characterization of 
chitosan-producing bacteria from beaches of Chennai (Enzyme research, India, 2012), p.2012 

58. H. El Knidri, R. Belaabed, A. Addaou, A. Laajeb, A. Lahsini, Extraction, chemical modifi-
cation and characterization of chitin and chitosan. Int. J. Biol. Macromol. 120, 1181–1189 
(2018) 

59. S. Kumari, P. Rath, A.S.H. Kumar, T.N. Tiwari, Extraction and characterization of chitin and 
chitosan from fishery waste by chemical method. Environ. Technol. Innov. 3, 77–85 (2015) 

60. M.N.R. Kumar, A review of chitin and chitosan applications. React. Funct. Polym. 46(1), 
1–27 (2000) 

61. M. Rinaudo, Chitin and chitosan: Properties and applications. Prog. Polym. Sci. 31(7), 603– 
632 (2006) 

62. M.A. Barbosa, I.C. Gonçalves, P.M.D. Moreno, R.M. Gonçalves, S.G. Santos, A.P. Pêgo, I.F. 
Amaral, 2.13 Chitosan (2017) 

63. I. Aranaz, M. Mengíbar, R. Harris, I. Paños, B. Miralles, N. Acosta, Á. Heras, Functional 
characterization of chitin and chitosan. Curr. Chem. Biol. 3(2), 203–230 (2009) 

64. P.K. Dutta, M.N.V. Ravikumar, J. Dutta, Chitin and chitosan for versatile applications. J. 
Macromol. Sci. Part C Polym. Rev. 42(3), 307–354 (2002) 

65. M. Lavertu, S. Methot, N. Tran-Khanh, M.D. Buschmann, High efficiency gene transfer using 
chitosan/DNA nanoparticles with specific combinations of molecular weight and degree of 
deacetylation. Biomaterials 27(27), 4815–4824 (2006) 

66. H.K. No, S.P. Meyers, Preparation and characterization of chitin and chitosan—A review. J. 
Aquat. Food Prod. Technol. 4(2), 27–52 (1995) 

67. Z. Zakaria, Z. Izzah, M. Jawaid, A. Hassan, Effect of degree of deacetylation of chitosan on 
thermal stability and compatibility of chitosan-polyamide blend. BioResources 7(4), 5568– 
5580 (2012) 

68. EL-HAFIAN, E. A., Elgannoudi, E. S., Mainal, A., & Yahaya, A. H. B., Characterization of 
chitosan in acetic acid: Rheological and thermal studies. Turk. J. Chem. 34(1), 47–56 (2010) 

69. J. Shaji, V. Jain, S. Lodha, Chitosan: A novel pharmaceutical excipient. Int. J. Pharm. Appl. 
Sci 1, 11–28 (2010) 

70. M. Sadeghi-Kiakhani, M. Arami, K. Gharanjig, Preparation of chitosan-ethyl acrylate as a 
biopolymer adsorbent for basic dyes removal from colored solutions. J. Environ. Chem. Eng. 
1(3), 406–415 (2013)



1 Chitosan: A Smart Biomaterial 23

71. L. Cui, S. Gao, X. Song, L. Huang, H. Dong, J. Liu, S. Yu, Preparation and characterization 
of chitosan membranes. RSC Adv. 8(50), 28433–28439 (2018) 

72. K.J. Adarsh, G. Madhu, A comparative study on metal adsorption properties of different forms 
of chitosan. Int. J. Innov. Res. Sci. Eng. Technol. 3(2), 9609–9617 (2014) 

73. S. Hussain, M. Kamran, S.A. Khan, K. Shaheen, Z. Shah, H. Suo, U. Ghani, Adsorption, 
kinetics and thermodynamics studies of methyl orange dye sequestration through chitosan 
composites films. Int. J. Biol. Macromol. 168, 383–394 (2021) 

74. S.W. Xiong, Y. Yu, P. Wang, M. Liu, S.H. Chen, X.Z. Yin, H. Wang, Growth of AgBr/Ag3PO4 
heterojunction on chitosan fibers for degrading organic pollutants. Adv. Fiber Mater. 2(5), 
246–255 (2020) 

75. M. Hadidi, S. Pouramin, F. Adinepour, S. Haghani, S.M. Jafari, Chitosan nanoparticles loaded 
with clove essential oil: Characterization, antioxidant and antibacterial activities. Carbohyd. 
Polym. 236, 116075 (2020) 

76. F. Tao, Y. Cheng, X. Shi, H. Zheng, Y. Du, W. Xiang, H. Deng, Applications of chitin and 
chitosan nanofibers in bone regenerative engineering. Carbohyd. Polym. 230, 115658 (2020) 

77. S. Roy, H.C. Kim, L. Zhai, J. Kim, Preparation and characterization of synthetic melanin-
like nanoparticles reinforced chitosan nanocomposite films. Carbohyd. Polym. 231, 115729 
(2020) 

78. L. Pietrelli, I. Francolini, A. Piozzi, M. Sighicelli, I. Silvestro, M. Vocciante, Chromium (III) 
removal from wastewater by chitosan flakes. Appl. Sci. 10(6), 1925 (2020) 

79. A.L. Ahmad, S. Sumathi, B.H. Hameed, Adsorption of residue oil from palm oil mill effluent 
using powder and flake chitosan: equilibrium and kinetic studies. Water Res. 39(12), 2483– 
2494 (2005) 

80. M.A. Hassan, T.P. Li, Z.Z. Noor, Coagulation and flocculation treatment of wastewater in 
textile industry using chitosan. J. Chem. Nat. Resour. Eng. 4(1), 43–53 (2009) 

81. P.K. Sahu, P.K. Sahu, S.K. Gupta, D.D. Agarwal, Chitosan: An efficient, reusable, and 
biodegradable catalyst for green synthesis of heterocycles. Ind. Eng. Chem. Res. 53(6), 
2085–2091 (2014) 

82. G. Crini, G. Torri, E. Lichtfouse, G.Z. Kyzas, L.D. Wilson, N. Morin-Crini, Dye removal by 
biosorption using cross-linked chitosan-based hydrogels. Environ. Chem. Lett. 17(4), 1645– 
1666 (2019) 

83. A.M. Craciun, L.M. Tartau, M. Pinteala, L. Marin, Nitrosalicyl-imine-chitosan hydrogels 
based drug delivery systems for long term sustained release in local therapy. J. Colloid 
Interface Sci. 536, 196–207 (2019) 

84. V.T. Nooshabadi, M. Khanmohamadi, E. Valipour, S. Mahdipour, A. Salati, Z.V. Malekshahi, 
J. Ai, Impact of exosome-loaded chitosan hydrogel in wound repair and layered dermal 
reconstitution in mice animal model. J. Biomed. Mater. Res., Part A 108(11), 2138–2149 
(2020) 

85. B. Sibaja, E. Culbertson, P. Marshall, R. Boy, R.M. Broughton, A.A. Solano, M.L. Auad, 
Preparation of alginate–chitosan fibers with potential biomedical applications. Carbohyd. 
Polym. 134, 598–608 (2015) 

86. C.K. Pillai, W. Paul, C.P. Sharma, Chitin and chitosan polymers: Chemistry, solubility and 
fiber formation. Prog. Polym. Sci. 34(7), 641–678 (2009) 

87. K.Z. Elwakeel, Removal of Cr (VI) from alkaline aqueous solutions using chemically modified 
magnetic chitosan resins. Desalination 250(1), 105–112 (2010) 

88. L. Zhou, C. Shang, Z. Liu, G. Huang, A.A. Adesina, Selective adsorption of uranium (VI) 
from aqueous solutions using the ion-imprinted magnetic chitosan resins. J. Colloid Interface 
Sci. 366(1), 165–172 (2012) 

89. K.Z. Elwakeel, M.A. Abd El-Ghaffar, S.M. El-kousy, H.G. El-Shorbagy, Synthesis of new 
ammonium chitosan derivatives and their application for dye removal from aqueous media. 
Chem. Eng. J. 203, 458–468 (2012) 

90. S.S. Silva, J.F. Mano, R.L. Reis, Ionic liquids in the processing and chemical modification of 
chitin and chitosan for biomedical applications. Green Chem. 19(5), 1208–1220 (2017)



24 A. Biswal and S. K. Swain

91. Q. Huang, G. Li, M. Chen, S. Dong, Graphene oxide functionalized O-(carboxymethyl)-
chitosan membranes: fabrication using dialysis and applications in water purification. Colloids 
Surf., A 554, 27–33 (2018) 

92. Z. Liu, W. Wei, P.L. Tremblay, T. Zhang, Electrostimulation of fibroblast proliferation by 
an electrospun poly (lactide-co-glycolide)/polydopamine/chitosan membrane in a humid 
environment. Colloids Surf., B 220, 112902 (2022) 

93. D. Yang, L. Li, B. Chen, S. Shi, J. Nie, G. Ma, Functionalized chitosan electrospun nanofiber 
membranes for heavy-metal removal. Polymer 163, 74–85 (2019) 

94. A. Ingle, A. Gade, S. Pierrat, C. Sonnichsen, M. Rai, Mycosynthesis of silver nanoparti-
cles using the fungus Fusarium acuminatum and its activity against some human pathogenic 
bacteria. Curr. Nanosci. 4(2), 141–144 (2008) 

95. W. Tiyaboonchai, Chitosan nanoparticles: a promising system for drug delivery. Naresuan 
Univ. J. Sci. Technol. (NUJST) 11(3), 51–66 (2013) 

96. A.K. Sailaja, P. Amareshwar, P. Chakravarty, Different techniques used for the preparation of 
nanoparticles using natural polymers and their application. Int. J. Pharm. Pharm. Sci. 3(2), 
45–50 (2011) 

97. N.A. Peppas, Y. Huang, Nanoscale technology of mucoadhesive interactions. Adv. Drug Deliv. 
Rev. 56(11), 1675–1687 (2004) 

98. S. Kumar, F. Ye, S. Dobretsov, J. Dutta, Chitosan nanocomposite coatings for food, paints, 
and water treatment applications. Appl. Sci. 9(12), 2409 (2019) 

99. P.F.P. Barbosa, L.R. Cumba, R.D.A. Andrade, do Carmo, D. R., Chemical modifications of 
cyclodextrin and chitosan for biological and environmental applications: Metals and organic 
pollutants adsorption and removal. J. Polym. Environ. 27(6), 1352–1366 (2019) 

100. M. Xie, K. Huang, F. Yang, R. Wang, L. Han, H. Yu, F. Wu, Chitosan nanocomposite films 
based on halloysite nanotubes modification for potential biomedical applications. Int. J. Biol. 
Macromol. 151, 1116–1125 (2020) 

101. N. Oladzadabbasabadi, A.M. Nafchi, F. Ariffin, M.J.O. Wijekoon, A.A. Al-Hassan, M.A. 
Dheyab, M. Ghasemlou, Recent advances in extraction, modification, and application of 
chitosan in packaging industry. Carbohyd. Polym. 277, 118876 (2022) 

102. S.K. Kim, N. Rajapakse, Enzymatic production and biological activities of chitosan 
oligosaccharides (COS): A review. Carbohyd. Polym. 62(4), 357–368 (2005) 

103. M.E. Badawy, E.I. Rabea, A biopolymer chitosan and its derivatives as promising antimicro-
bial agents against plant pathogens and their applications in crop protection. Int. J. Carbohydr. 
Chem. (2011) 

104. S. Chandra, N. Chakraborty, K. Panda, K. Acharya, Chitosan-induced immunity in Camellia 
sinensis (L.) O. Kuntze against blister blight disease is mediated by nitric-oxide. Plant Physiol. 
Biochem. 115, 298–307 (2017) 

105. A.F. Rodríguez, D.C. Menéndez, E.O. Delgado, O.L. Díaz, J.C. Pino, Evaluation of chitosan 
as an inhibitor of soil-borne pathogens and as an elicitor of defence markers and resistance in 
tobacco plants. Span. J. Agric. Res. 5(4), 533–541 (2007) 

106. M.R. Kumar, R. Muzzarelli, C. Muzzarelli, H. Sashiwa, A.J. Domb, Chitosan chemistry and 
pharmaceutical perspectives. Chem. Rev. 104(12), 6017–6084 (2004) 

107. S.K. Kim, (ed.), Chitin and Chitosan Derivatives: Advances in Drug Discovery and 
Developments. CRC Press (2013) 

108. X. Fu, Y. Shen, X. Jiang, D. Huang, Y. Yan, Chitosan derivatives with dual-antibacterial 
functional groups for antimicrobial finishing of cotton fabrics. Carbohyd. Polym. 85(1), 221– 
227 (2011) 

109. Y. Li, P. Zhuang, Y. Zhang, Z. Wang, Q. Hu, A new approach for preparing chitosan fibers 
from a LiOH/urea solvent system. Mater. Lett. 84, 73–76 (2012) 

110. R. Ramya, J. Venkatesan, S.K. Kim, P.N. Sudha, Biomedical applications of chitosan: An 
overview. J. Biomater. Tissue Eng. 2(2), 100–111 (2012) 

111. T. van der Gronde, A. Hartog, C. van Hees, H. Pellikaan, T. Pieters, Systematic review of 
the mechanisms and evidence behind the hypocholesterolaemic effects of HPMC, pectin and 
chitosan in animal trials. Food Chem. 199, 746–759 (2016)



1 Chitosan: A Smart Biomaterial 25

112. H. Wang, J. Qian, F. Ding, Emerging chitosan-based films for food packaging applications. 
J. Agric. Food Chem. 66(2), 395–413 (2018) 

113. M. Mujtaba, R.E. Morsi, G. Kerch, M.Z. Elsabee, M. Kaya, J. Labidi, K.M. Khawar, Current 
advancements in chitosan-based film production for food technology; A review. Int. J. Biol. 
Macromol. 121, 889–904 (2019) 

114. G. Kerch, Chitosan films and coatings prevent losses of fresh fruit nutritional quality: A 
review. Trends Food Sci. Technol. 46(2), 159–166 (2015) 

115. C. Duan, X. Meng, J. Meng, M.I.H. Khan, L. Dai, A. Khan, Y. Ni, Chitosan as a preservative 
for fruits and vegetables: A review on chemistry and antimicrobial properties. J. Bioresour. 
Bioprod. 4(1), 11–21 (2019) 

116. M.A.M. Rocha, M.A. Coimbra, C. Nunes, Applications of chitosan and their derivatives in 
beverages: A critical review. Curr. Opin. Food Sci. 15, 61–69 (2017) 

117. E. Bobu, R. Nicu, M. Lupei, F.L. Ciolacu, J. Desbrieres, Synthesis and characterization of 
n-alkyl chitosan for papermaking applications. Cellul. Chem. Technol. 45(9), 619 (2011) 

118. J.P. Wang, Y.Z. Chen, S.J. Yuan, G.P. Sheng, H.Q. Yu, Synthesis and characterization of a 
novel cationic chitosan-based flocculant with a high water-solubility for pulp mill wastewater 
treatment. Water Res. 43(20), 5267–5275 (2009) 

119. W.J. Hennen, Chitosan: Natural Fat Blocker. Woodland Pub (1996) 
120. L.C. Yo, Preparation and Characterization of Water-Soluble Chitosan Gel for Skin Hydration 

(Doctoral dissertation, Universiti Sains Malaysia, 2008) 
121. R. Yang, H. Li, M. Huang, H. Yang, A. Li, A review on chitosan-based flocculants and their 

applications in water treatment. Water Res. 95, 59–89 (2016) 
122. J. Hu, W. Liu, B. Liu, U.S. Patent No. 7,780,979 (U.S. Patent and Trademark Office, 

Washington, DC, 2010) 
123. E.M. Costa, S. Silva, A.R. Madureira, A. Cardelle-Cobas, F.K. Tavaria, M.M. Pintado, A 

comprehensive study into the impact of a chitosan mouthwash upon oral microorganism’s 
biofilm formation in vitro. Carbohyd. Polym. 101, 1081–1086 (2014) 

124. Y. Habibi, L.A. Lucia, Polysaccharide Building Blocks: A Sustainable Approach to the 
Development of Renewable Biomaterials (John Wiley & Sons, 2012) 

125. M. Dash, F. Chiellini, R.M. Ottenbrite, E. Chiellini, Chitosan—A versatile semi-synthetic 
polymer in biomedical applications. Prog. Polym. Sci. 36(8), 981–1014 (2011) 

126. B.E. Benediktsdóttir, Ó. Baldursson, M. Másson, Challenges in evaluation of chitosan and 
trimethylated chitosan (TMC) as mucosal permeation enhancers: From synthesis to in vitro 
application. J. Control. Release 173, 18–31 (2014) 

127. Y.  Rosen,  P.  Gurman,N.Elman, (eds.),  Drug Delivery: An Integrated Clinical and Engineering 
Approach. CRC Press (2017) 

128. V. Patrulea, V. Ostafe, G. Borchard, O. Jordan, Chitosan as a starting material for wound 
healing applications. Eur. J. Pharm. Biopharm. 97, 417–426 (2015) 

129. P.R. Sivashankari, M. Prabaharan, Prospects of chitosan-based scaffolds for growth factor 
release in tissue engineering. Int. J. Biol. Macromol. 93, 1382–1389 (2016) 

130. M.R. Tehrani, S. Safari, S. Jafari, M. Amini, M.H. Ghahremani, N. Ostad, Gene delivery 
using N-diethylmethyl chitosan to Hela cell line. J. Control Release 1, 34–38 (2012) 

131. S. Dumitriu, Polysaccharides: Structural Diversity and Functional Versatility (CRC Press, 
2004) 

132. S. Sayed, A. Jardine, Chitosan derivatives as important biorefinery intermediates. Quater-
nary tetraalkylammonium chitosan derivatives utilized in anion exchange chromatography 
for perchlorate removal. Int. J. Mol. Sci. 16(5), 9064–9077 (2015) 

133. N.M. Alves, J.F. Mano, Chitosan derivatives obtained by chemical modifications for 
biomedical and environmental applications. Int. J. Biol. Macromol. 43(5), 401–414 (2008)



Chapter 2 
Biological and Chemical Aspects 
of Chitosan 

Monica Butnariu 

Abstract Chitosan is a polysaccharide that is made from chitin—a matter forming 
from the operation of treating shrimp shells, as well as other crustaceans, with NaOH 
(sodium hydroxide). Chitosan has profited from a substantial number of trading and 
equally biomedical uses. It can be used in agriculture, for seed treatment, and as 
a biopesticide, helping plants fight fungal infections. In winemaking, it is used to 
prevent the wine from spoiling. On an industrial scale, it is also used in water filtration 
processes. Being considered a good haemostatic, chitosan is useful in medicine for 
the creation of bandages designed to reduce bleeding as well as an antibacterial 
agent, being used especially in the treatment of gum disease or bleeding. It is also 
anti-carcinogenic. Somewhat controversially, chitosan has been claimed for its role 
in limiting fat absorption, which makes it useful for dieting, with no evidence yet 
to contradict this special property of chitosan. Thus, chitosan has been increasingly 
used to support weight loss efforts due to its valuables that reduce fat absorption in 
the intestines. Chitin and chitosan (chitinous substances) are found in abundance in 
nature and are renewable sources, which have attracted interest in developing new 
applications based on these simple substances. Moreover, chitinous biopolymers are 
biocompatible, biodegradable, non-toxic, valuables that have allowed the use of their 
derivatives in medicine. 

2.1 Background 

In 1811, the director of the biological garden in Nancy, France, Prof. H. Braconnot, 
separated a fibrous matter or chitinous substances (CSs) from a specific type of 
mushroom. Then he noticed that this matter does not dissolve in aqueous solutions 
of acids, such as H2SO4 (sulfuric acid). A decade later, the same matter was found 
in certain insects and in 1823 Ojear named it chitin (from the Greek khiton meaning
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envelope). In 1859, Prof. C. Rouget subjected chitin to alkaline treatment and noticed 
that the resulting matter dissolves in acids; but only in 1894, this matter was called 
chitosan by Hoppe-Seyler. Meanwhile, in 1878, Ledderhose proposed that chitin be 
made from glucosamine and CH2COOH (acetic acid). 

In the 1930s and 1940s, these glucosamine biopolymers aroused the interest of the 
Eastern world, especially in medicine and in the field of water purification. In 1970, 
interest in these renewed bio-macromolecules was renewed at the first conference on 
chitin and chitosan organized in the USA in 1977. Muzzarelli’s studies in 1980 led to 
a clearer understanding and characterization of these materials [1]. Today, it is known 
that chitin and chitosan (CSs) are found in abundance in nature and are renewable 
sources, a fact that attracted interest in the development of new applications based 
on these simple matters. Moreover, CSs are fibrous compounds derived from the 
shells of crustaceans such as shrimp, lobsters, and crabs. The CSss biopolymers are 
biocompatible, biodegradable, and non-toxic valuables that allowed the use of their 
derivatives in medicine [2]. 

Chitin [(C8H13O5N)n] is a polymer composed of N-acetylglucosamine frac-
tion joined by p-(1 → 4) covalent bonds. N-acetylglucosamine is a derivative of 
glucose. Structurally, chitin is comparable to cellulose [(C6H10O5)n], which consists 
of glucose fragments and is also linked by β-(1 → 4) linkages, excluding that a 
hydroxyl assembly on a (C6H10O5)n monomer is superseded by an acetyl amine 
assembly in a chitin monomer. Functionally, chitin is most reasonable to the protein 
keratin, which is used as a constitutional constituent in many organisms. Chitin is 
the second most abundant biopolymer in the world, after (C6H10O5)n. The hydrogen 
bonds between the monomers in chitin make it very strong. Pure chitin is translucent 
and flexible. However, in many animals, chitin is combined with other molecules to 
form a composite material. For example, in molluscs and crustaceans, it combines 
with calcium carbonate (CaCO3) to form hard and often colored shells. In insects, 
chitin is often stacked into crystals that produce iridescent colors used for biomimicry, 
communication, and to attract mates [3]. CSs are complementary compounds: to get 
chitosan, there must be chitin. The latter can also be formed by the combination of 
pitch, conchiolin, aragonite, and CaCO3. It is the second most important polymer 
after (C6H10O5)n; In addition, it is biocompatible, biodegradable, and non-toxic. 

2.2 The Skeletal Structure of Chitosan 

Information about the valuables and skeleton of (C6H10O5)n (the most important 
representative of polysaccharides, which is the main constitutional constituent of 
plants) is presented in the specialized literature in an accessible form. However, 
there is much less information about the skeleton of CSs [4]. However, it is the basis 
of the skeletal system, which supports the skeleton of the cells that form the tissues 
in the cuticle of insects, crustacean shells, and the cell wall of bacteria and fungi. The 
fact that CSs skeletons in insect and crustacean organisms are inherent in hardness 
is associated with the formation of a special chitin-carbonate complex. It appears as
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a result of the deposition of the matter we are interested in on CaCO3, which acts as 
a kind of inorganic matrix. One of the major differences between CSs biopolymers 
and semi-synthetic (C6H10O5)n derivatives is the nitrogen content which can have 
a direct effect in some applications such as the chelating agent in the treatment of 
waste water [5]. 

The higher the nitrogen content in CSs biopolymers, especially in chitosan, the 
more advantageous it provides numerous nucleophilic locations (positions) on the 
biopolymer chain, for example, compared to (C6H10O5)n. There is a certain analogy 
between the skeleton of (C6H10O5)n and chitin. However, unlike the first, in chitin, the 
acetamide assembly is the substitute for the second carbon atom of the elementary 
unit. In (C6H10O5)n, the hydroxyl plays the same role. Native (i.e. natural) chitin 
macromolecules usually contain a certain number of units with free primary amino 
clusters. This matter is added to enhance the flavor and aroma of food, to improve the 
appearance, or is used as a preservative. There are also nutritional supplements that 
contain it. The composition of chitin is such that this matter has medicinal valuables 
[6]. Its benefits are considered to be the following (Fig. 2.1). 

Chitin is a very useful matter. What it is and what are its medicinal valuables, it 
would be good to remember. It occurs very often in nature. So much so that it ranks 
second in prevalence (the first belongs to (C6H10O5)n). A number of scientists even 
believe that humanity will switch to an exclusively chitinous diet in the near future. 

For example, Sam Hudson, Professor of polymer chemistry, recently reported that 
researchers are now on the verge of discovering a "new world" in which the number 
of products that can be made from chitin will be endless. These locations offer 
possibilities for an easier and selective synthetic transformation of these biopolymers

Fig. 2.1 Different properties of chitinous materials 
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to obtain the various derivatives, which would be needed for the development of the 
desired applications [7]. 

The annual production of chitin in nature is estimated at 109–1010 tons, and at 
the present time, it is too little used and too little commercialized compared to the 
(C6H10O5)n industry. Chitin is the second most widespread polyglucide in nature, 
surpassed only by (C6H10O5)n, being present in the exoskeletons of crustaceans 
(crab, shrimp, lobster, etc.). Chitin is a hard and flexible material (or hard when 
combined with CaCO3). It is synthesized by special glands (chitin glands) of many 
animal and fungal species. It plays an essential constitutional role in several eukary-
otic taxa, particularly macroscopic fungi and yeasts, mycorrhizae and lichens, and 
arthropods. As such, it is considered to be one of the synapomorphies of the Opistho-
chonts assembly [8]. This constitutes, in particular, the external cuticles of insects 
and crustacean shells or in the shell of cephalopods (Nautilus, for example) and 
many molluscs (it is also one of the constituents from the mother to the of-perla) 
and pseudonacres that constitute the interior some clams and pearls of pearl oysters 
or freshwater pearl mussels. However, in bivalves, it is present in a highly variable 
proportion depending on the species. It is also found in many microorganisms, for 
example, in the cuticle that protects the eggs of rotifers [9] (Fig. 2.2). 

The chemical skeleton of chitin consists of linear and repetitive units of 2-
acetamide-2-dioxy-D-glucopyranose linked by ß-(1 → 4) linkages. In nature, chitin
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Fig. 2.2 Chemical skeleton of chitin (a) and chitosan (b) 
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Table 2.1 Approximate 
chitin content in various 
living species 

Species Mass % (C8H13O5N)n/body 
weight 

Mushroom (Fungi) 5–20% 

Invertebrate animals 
(Worms) 

20–38% 

Devil fish (Octopus) 3–20% 

Predatory arachnids 
(Scorpions) 

30 

Arachnids (Spiders) 38 

Small insects (Kitchen bugs) 35 

Family dytiscidae (Water 
beetle) 

37 

Silkworm 44 

Snail crab species 69 

Edible crab 70 

performs a protective effect and reference function, providing resistance to crus-
taceans, fungi, and bacteria [10]. In this sense, it is reasonable to (C6H10O5)n, which 
is the supporting material of the plant cell wall. But chitin is more reactive, according 
to the materials of the recent researches. When heated and treated with concentrated 
alkali, it turns into chitosan. This biopolymer can dissolve in dilute acid solutions, 
as well as bind and react with other chemicals [11]. In addition to crustaceans, it is 
also found in various insects, worms, fungi, and mushrooms, in varying proportions 
from species to species and from region to region (Table 2.1). 

Thus, chemists sometimes refer to chitosan as a “builder” that can be used to create 
different biopolymers. In order to obtain chitin in its pure form, those containing 
organic matter remove proteins, calcium, and other minerals, turning them into a 
soluble form. The result is a chitinous crumb. Observations made under an electron 
microscope show that certain pollutants (heavy metals such as cadmium, copper, 
chromium, zinc, and lead, for example) can interfere with the biosynthesis of chitin 
and degrade bivalve nacre (a phenomenon studied in the anodont swan, family Union-
idae) [12]. This could suggest that certain parasites affecting oysters and their shells 
could be facilitated by contamination of the shells by certain heavy metals (actually 
observed contamination). In nature, chitin has the role of a constitutional polyglucide, 
providing adhesion between the fiber beds of the overlapping laminae. For example, 
in the case of mollusk shells, the shell matrix is composed of two constitutional units 
(schematic representation in Fig. 2.3). The first is a high molecular weight chitin-
protein complex arranged in the form of beds and layers. The second unit called the 
mineralization matrix is a polypeptide with a pronounced affinity for calcium. During 
the growth of the carapace, the chitin-protein complex remains trapped between the 
layers of the mineralization matrices, offering the possibility of adhesion between 
the two adjacent matrices [13].
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Fig. 2.3 Schematic 
representation of the outer 
shell of molluscs 

This tight assembly provides excellent constitutional rigidity and mechanical 
strength to the shells. 

Chitosan (Table 2.2b) is deacetylated chitin, a constitutional modification of chitin 
often carried out by alkaline hydrolysis. The process itself used during hydrolysis 
determines the deacetylation of chitin, and consequently, the commercially available 
chitin samples show between 70 and 100% degrees of deacetylation.

Besides the degree of deacetylation for a given chitosan sample, the molecular 
weight of the macromolecule, which can vary between 150,000 and 600,000 daltons, 
is also characteristic. Chitin and chitosan are of high commercial interest due to their 
rich nitrogen content (6.89%), which allows their use as chelating agents. In addition, 
both chitin and chitosan are biodegradable, biocompatible, non-toxic, non-allergic, 
and renewable biomaterials and find their application in fields such as medicine, 
perfumes and cosmetics, food industry, and agriculture [14]. 

One of the major differences between chitinous biopolymers and semi-synthetic 
(C6H10O5)n derivatives is the nitrogen content which can have a direct effect on some 
applications such as chelating agents in wastewater treatment. The higher the nitrogen 
content in chitinous biopolymers, especially in chitosan, the more advantageous it 
provides numerous nucleophilic locations on the biopolymer chain, for example, 
compared to (C6H10O5)n. 

These locations offer possibilities for an easier and more selective synthetic 
transformation of these biopolymers to obtain the various derivatives, which 
would be needed for the development of the desired applications. Chitin is very 
hydrophobic and insoluble in water, acids, bases, and common organic solvents. The 
organic solvents in which it is soluble are hexafluoroisopropanol, hexafluoroacetone, 
chloroalcohols in the presence of mineral acid solutions, and dimethyl acetamide in 
the presence of 5% Lithium chloride (LiCl). On the other hand, chitosan, due to the 
presence of the primary amino assembly in most of the sugar units that make up 
the biopolymer skeleton, dissolves in dilute organic acids, but is insoluble in water, 
above pH 6–7 and in common organic solvents [15].
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Table 2.2 Examples of applications of chitosan derivatives 

No. Cross-linking Controlled release systems Other applications 

1 Alkyl Erodible Hydrogel for 
Controlled Drug Release 

Foam emulsion stabilizer 

2 Aldehyde Hydrogels for controlled drug 
release 

Biological adhesive for soft 
tissues 

3 Palmitic acid Hydrogel for the controlled 
release of Rhodamine B 

… 

4 Carboxymethyl Injectable gel for sustained 
release of morphine, and slow 
release of gentamicin 

Reparative agent in the 
reduction of periodontal 
pockets 

5 Fructose … Films for fruit preservation 

6 2-hydroxyethyl 
methacrylate 

Blood-compatible films for 
controlled glucose release 

Gel or solution for 
preventing post-surgical 
erythonal adhesion 

7 Lactic-glycolic acid Hydrogels for controlled 
gastric release 

Matrices for the attachment 
of hepatocytes 

8 Pluronic Hydrogels for nasal delivery 
of antiasthmatic proteins 

… 

9 Ethylenediaminetetra 
CH3COOH 

Bioadhesive hydrogels for 
nasal, ocular, and vaginal 
release 

… 

10 Poly(ethylene glycol) Bioadhesive hydrogels for the 
release of peptides at the 
gastric level 

… 

11 Poly(ethylene glycol) 
galactosyl 

Gelled particles for the release 
of insulin or 
N-phenyl-1-naphthylamine 

Constituent of hydro- and 
hydroalcoholic gels for 
topical use

The solubility of chitinous matters is usually associated with the crystallinity of 
the sample. Higher crystallinity suggests greater or increased molecular interactions 
between biopolymer chains. A chitinous chemical matter can dissolve only under the 
conditions in which these interactions are canceled [16]. The intra- and intermolec-
ular hydrogen bonds of the biopolymer chains are the major cause of these inter-
actions and have an important role in the low solubility of these matters. However, 
chemical modifications of chitosan result in derivatives that are soluble in water 
in a wider pH range, including in strongly basic environments. The modifications 
consist in the introduction of ionic clusters or substituents in the biopolymer skeleton, 
which dissolve in polar solvents such as water through polar-polar interactions and 
determine the solubility of the macromolecule [17]. 

The skeleton of chitin and (C6H10O5)n leads to physico-chemical proximity of 
the two biomolecules, which allows them to perform reasonable functions in living 
systems. Like cellulose (C6H10O5)n molecules, chitin (C8H13O5N)n molecules have 
a high rigidity and a pronounced tendency to form intermolecular associations with 
the formation of highly ordered skeletons. Types of such skeletons are represented
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by (-chitin) formations, which differ in the degree of order and mutual orientation of 
individual biopolymer chains [18]. 

CSs biosynthesis takes place in special cellular organs (chitosomes) with the 
participation of the enzyme chitin synthase in a cyclic sequence; followed by the 
transfer of N-acetyl-D-glucosamine residues from uridine diphosphate-N-acetyl-D-
glucosamine to the growing biopolymer chain. Chitosan, whose presence is partic-
ularly characteristic of the cell walls of certain fungi, is formed by the enzymatic 
N-deacetylation of chitin. In nature, chitin is in a complex with other polyglucides 
and minerals and is covalently bound to a protein [19]. To isolate chitin, its insol-
ubility is taken into account. So, the shells of crabs or lobsters, which contain up 
to 25% chitin, are demineralized with hydrochloric acid, Protein solutions, and in 
hot alkali, and chitin bleaching is done with H2O2. Milder isolation conditions are 
demineralization with complexes and treatment with oxidizing agents at neutral pH. 
The chitin obtained in this way has a mass of several millions. Chitin is the second 
most common natural biopolymer after (C6H10O5)n. Available sources of chitin are 
wastes from marine invertebrate fisheries and the mycelium of lower fungi. Chitosan 
is more promising, in solution it can form salts, giving solutions with high viscosity. 

Chitosan yields powerful compounds; with proteins, anionic polyglucides form 
chelated complexes with metals, etc., which is the basis of its use for the removal 
of proteins from wastewater in food production (meat, fish, dairy industry, cheese 
making), making chelating ion exchangers, immobilization living cells in biotech-
nology, in the manufacture of honey, and preparation of finishing paper and textile 
fibers [20]. Certain N-acyl derivatives of chitosan are good gelling agents; when 
chitosan is acylated with dicarionic acid derivatives, cross-linked gels are obtained. 

In nature, chitin has a protective and supportive function, providing resistance to 
crustaceans, fungi, and bacteria. In this sense, it is reasonable to (C6H10O5)n, which 
is the supporting material of the plant cell wall. But chitin is more reactive. When 
heated and treated with concentrated alkali, it turns into chitosan. This biopolymer 
can dissolve in dilute acid solutions and can bind and react with other chemicals. 
Thus, chemists sometimes refer to chitosan as a “builder” that can be used to create 
different biopolymers. To obtain pure chitin, proteins, calcium, and other minerals 
are removed from the organic matter that contain it, turning them into a soluble form 
[21]. Chitin is formed by a series of glycosidic bonds between substituted glucose 
molecules. Chitin is different from (C6H10O5)n because of the substitution that occurs 
on the glucose molecule. Instead of a hydroxyl (OH) assembly, the glucose molecules 
in chitin have an amyl assembly attached which consists of carbon and nitrogen. 

2.3 Chitin Isolation and Chitosan Synthesis 

In biology, chitin (C8H13NO5)n is a polyglucide, an organic matter resembling 
(C6H10O5)n, which forms the exoskeleton of insects or other arthropods (crus-
taceans or arachnids). It is a modified sugar containing nitrogen, polyglucide, from
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the assembly of acetylglucosamine (N-acetyl-glucosamine) linked together by β-
1,4 covalent bonds (reasonable to the bonds between glucose clusters in (C6H10O5)n 
molecules). Thus, chitin can be described as (C6H10O5)n with one hydroxyl assembly 
of each monomer superseded by an acetylamine assembly. This formula allows 
for tighter bonds between the hydrogen atoms of adjacent biopolymers, resulting 
in a stronger material [22]. The chemical name of the molecule is poly N-acetyl-
D-glucosamine, β-(1,4)-2-Acetamido-2-deoxy-D-glucose, or simply N-acetyl-D-
glucosamine β-(1,4) N-acetyl- D-glucosamine. In its pure form, chitin is translucent, 
pliable, resilient, and hard. In arthropods, it is often modified, being incorporated 
into a hard protein matrix that forms the exoskeleton. In its pure form, it has the 
texture and consistency of leather but combined with CaCO3, it becomes much more 
resistant [23]. 

The difference between the modified and unmodified forms can be seen by 
comparing a (unmodified) caterpillar to a (modified) beetle. Although it is translucent, 
different sizes of the parallel layers of microfibers can create constitutional colors, 
due to the phenomenon of interference. Chitin is one of the constituents of the cuticle 
in insects, spiders, or crustaceans and has a protective role. Combined with CaCO3, 

it becomes rigid and forms the exoskeleton of crustaceans, for example, snails. The 
chitin found in the cuticle of arthropods is alpha chitin, in which the chains of chitin 
molecules arealigned in an antiparallel manner by hydrogen bonds. In brachiopods, 
cephalopods, and annelids, beta chitin is found where the chains of molecules are 
aligned in a parallel manner [24]. 

Long molecular chains are associated in units of one biomolecule (beta (β) 
chitin), units of two biomolecules (alpha (α) chitin), or units of three biomolecules 
(gamma chitin). Gamma chitin [γ -chitin] is rarer and found in brachiopods. In fungi, 
chitin is an essential constituent of the side wall and protects fungal cells from the 
environment. Chitin actively participates in the rigidity of the fungal wall [25]. 

The chitin biopolymer of biological origin is synthesized by an enzymatic activity 
called chitin synthesis. In Saccharomyces cerevisiae, several activities of chitin 
synthesis occur in different intracellular locations and at certain stages of budding of 
this unicellular fungus. Within natural resources of commercial interest, chitin does 
not exist as an independent biopolymer, but rather in the form of conglomerates with 
other biomaterials, mainly proteins, lipids, and inorganic salts [26]. 

Chitin is a polysaccharide made up of acetylglucosamine units (exactly: 2-
acetamido-2-deoxy-D-glucopyranose or N-acetyl-D-glucosamine for short, abbrevi-
ated: GlcNAc). Acetylglucosamine units are linked by β-1,4-glycosidic linkages— 
this is the same type of linkage as the glucose molecules in (C6H10O5)n. Therefore, 
chitin can be understood as a variant of (C6H10O5)n in which the hydroxyl clusters 
in the 2-position of the monomeric units have been superseded by acetamido clus-
ters. This allows for stronger hydrogen bonding between adjacent polymers, making 
chitin harder and more stable than (C6H10O5)n. However, natural chitin is usually not 
a uniform polymer but a mixture of random copolymers of D-glucosamine (GlcN) 
and N-acetyl-D-glucosamine (GlcNAc), i.e. not all amino clusters are acetylated 
[27].
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The degree of acetylation determines its valuables in addition to the degree of 
polymerization (chain length) and chain folding. The transition to chitosan, which 
has significantly fewer (ideally no) acetyl clusters, is therefore fluid. If the degree of 
acetylation is greater than 50%, it is usually called chitin; if it is smaller, it is usually 
called chitosan. 

The skeleton of α-chitin. Hydrogen atoms are not shown. For oxygen atom no. 
6, there are two positions—shown semi-transparently—which are statistically filled 
chitin occurs naturally in at least two conformations: arthropod chitin occurs mainly 
as α-chitin, in molluscs as β-chitin. A mixture of α- and β-chitin, which occurs in 
beetle and cephalopod larvae, is sometimes referred to as γ-chitin. Chitin is colorless. 
The familiar brown color (as well as firmness) of insect shells is caused by sclerotin, 
a constitutional protein. Chitin is mostly insoluble in weakly ionic aqueous organic 
solvents and tolerable to health; in strongly ionic solvents, the "solubility" is based 
on a depolymerization [28]. 

“Soluble chitin” is mostly a matter of chitin hydrochloride, some of which is even 
soluble in water. In nature, chitin forms complex skeletons that form in a multi-step 
process. Chitin molecules are synthesized by transglycosylating, membrane-bound 
enzymes known as chitin synthetase EC 2.4.1.16, which use uridine diphosphate-N-
acetylglucosamine (UDPGlcNAc) as a substrate. In fungi, for example, this happens 
in special vesicles called chitosomes. Chitin molecules or chito oligomers are secreted 
into the extracellular space. Various changes take place outside the cells that affect the 
valuables. One of them is partial hydrolysis by chitinases EC 3.2.1.14. In addition to 
hydrolase, chitinases also have transglycosidase activity, so that chitin can be linked 
to glucans. Another modification is partial deacetylation by special deacetylases. 
Some unmodified chitin molecules crystallize and are partially covalently linked to 
other chitin molecules via proteins [29]. 

The resulting supramolecular skeleton matures through further cross-linking and 
the incorporation of various matters. There is much less information about the 
skeleton of chitin. However, it is the basis of the skeletal system, which supports the 
skeleton of the cells that form the tissues in the cuticle of insects, crustacean shells, 
and the cell wall of bacteria and fungi. The fact that chitinous skeletons in insect 
and crustacean organisms with inherent hardness are associated with the formation 
of a special chitin-carbonate complex. It appears as a result of the deposition of the 
matter we are interested in on CaCO3, which acts as a kind of inorganic matrix [30]. 
The chitin isolation process begins in the marine food industry (Scheme 2.1).

One of the secondary products of this process, such as crab shells and shrimps, are 
first crushed to a powdery consistency to create a larger surface for the heterogeneous 
processes that will follow. An initial treatment of the carp with 5% sodium hydroxide 
dissolves several proteins leaving chitin, lipids, and calcium salt (mainly in the form 
of CaCO3). By treating with 30% hydrochloric acid, lipids are hydrolyzed, calcium 
salts are decomposed (demineralization), and other minor inorganic constituents [31]. 

Thus, the obtained chitin can be hydrolyzed using 50% sodium hydroxide at high 
temperatures to obtain chitosan. Alternatively, if isolation of chitin is not desired, the 
sequence based on acid treatment can be reversed to directly produce chitosan.
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Scheme 2.1 Chitin isolation and chitosan synthesis—schematic process

In this method, the crushed shells are first treated with 5% hydrochloric acid to 
remove calcium salts, a process often followed by the removal of proteins and lipids 
by treatment with 40% sodium hydroxide at a higher temperature [32]. During the 
treatment with a basic medium, the simultaneous hydrolysis of the acetamide clusters 
in chitin takes place, the result being the formation of chitosan. Chitosan is obtained 
when the chitin molecule has been completely deacetylated. Chitosan, on the other 
hand, is left with one acetyl assembly per unit to replicate. To obtain chitosan, it is 
necessary to obtain chitin first. Then it is deacetylated (the acetyl molecule it has in the 
skeleton is removed), so that only the amino assembly remains. The process begins 
by obtaining the raw material, which is the exoskeleton of crustaceans, especially 
shrimp and prawns [33]. 

A washing treatment is performed to remove all impurities such as salt and mineral 
residues that may be embedded in the species’ exoskeleton. The material is dried well 
and then ground to a flake form of about 1 mm. The depigmentation process follows. 
This procedure is optional and is done with acetone (an organic solvent in which 
chitosan is insoluble), xylene, ethanol, or hydrogen peroxide [34]. The previous 
process is followed by the decarbonization process; in which HCl is used. Once this 
process is finished, deproteinization is continued, which is done in a basic medium 
using NaOH. Wash with plenty of water and finally filter. The compound obtained 
is chitin. It is treated with 50% NaOH at a temperature of about 110 °C for 3 h. This 
process allows the removal of the acetyl assembly from the chitin skeleton so that 
chitosan can be obtained. To be packaged, dehydration and grinding are carried out 
until the particle size is 250 μm. The first has a direct impact on the secondary skeleton 
of the biopolymer chain and can also influence the solubility of the biopolymer in 
organic or aqueous solvents. It can also affect the chemical reactivity of the sample 
in homogeneous processes [35]. According to a selective nomenclature, chitinous 
matters that do not dissolve in dilute organic acids (for example 1–2% CH2COOH) 
are called chitin, a biopolymer with a low degree of deacetylation. On the other 
hand, chitinous matters that dissolve in dilute aqueous acids are called chitosan. 
Solubility in aqueous acid solutions is achieved by deacetylation to the extent of 
60%. However, at the degree of deacetylation between 50–60%, the distribution of
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the remaining acetyl clusters, grafted along the biopolymer chain, influences the 
solubility of the sample [36]. 

A distribution of acetyl clusters on the biopolymer skeleton results in homoge-
neous processing conditions and gives the biopolymers solubility in aqueous solu-
tions of weak acids. On the other hand, under heterogeneous processing conditions, 
biopolymers are formed with distinct blocks of acetylated sugar residues and are not 
soluble in reasonable solvents [37]. The molecular weight of chitosan obtained at the 
end of the production process depends on the process parameters, time, temperature, 
and concentration of HCl and NaOH. The process parameters used in the production 
of chitosan are drastic and the process is accompanied by the splitting of the chitin 
skeleton. The degradation of the chitinous chain can be extended. In one preparation, 
a sample of chitin with a molecular weight of 1.03 × 106 kDa produced chitosan 
with a weight of 1 × 105 kDa. The estimation of the molecular mass of chitosan can 
be achieved by various techniques such as light scattering spectroscopy, viscometry, 
and gel permeation chromatography [38]. However, the charged nature of chitosan, 
its tendency to form free aggregates, and the differences in the degree of deacetyla-
tion for different chitosan samples require careful implementation of the constants 
in Eq. (2.1). 

[η] = K · Ma 
n (2.1) 

Thus, the degree of deacetylation and the molecular weight of chitosan can be 
modified to obtain different physico-mechanical valuables. 

2.4 Valuables of Chitosan 

2.4.1 Physical–Chemical Valuables 

The physical valuables of chitinous matters are governed by two factors: the degree 
of deacetylation and the molecular mass [39]. These features are as follows: 

• Chitosan is a compound insoluble in water. 
• Its approximate molar weight is 1.26 × 105 g/mol of biopolymer, obtained by the 

viscometer method. 
• It has chemical valuables that make it suitable for various biomedical applications. 
• It is a linear polyamide. 
• It has amino clusters -NH2 and reactive hydroxyl clusters -OH. 
• It has chelating valuables for many transition metal ions. 
• With lactic acid and CH2COOH, very tight chitosan films could be formed in 

which, by infrared (IR) spectrum, no variation in the chemical skeleton of chitosan 
was observed. However, when formic acid was used, variations in the skeleton 
could be observed [40].
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2.4.1.1 The Degree of N-Acetylation and Its Estimation 

Chitosan is differentiated either from the point of view of the degree of acetylation, 
which corresponds to the number of N-acetylamine clusters or from the point of view 
of the degree of deacetylation, which corresponds to the D-glucosamine clusters. 

The degree of acetylation has a major influence on the physico-chemical valuables 
(molecular mass, viscosity, and solubility), thus being one of the most important 
parameters. 

It is very important to determine the degree of acetylation as simply and as 
correctly as possible. A multitude of methods for its estimation have been reported, 
such as elemental analysis, hydrolysis of acetamide clusters, titration of free amine 
clusters, spectroscopy (IR, UV, CD, NMR), enzymatic degradation, pyrolysis gas 
chromatography, and thermal analysis. The best technique for determining the degree 
of acetylation for rapid characterization appears to be IR spectroscopy. 

Confirmation of the chemical skeleton is highlighted by functionalizing of 
chitosan (medium molecular weight chitosan) by treatment with N-chloroacetyl-
sulfonamide derivatives derived from sulfadiazine, sulfamerazine, sulfamethoxy-
diazine, sulfadime-toxin, sulfamethoxazole, and sulfisoxazole, which is confirmed 
by the appearance in the IR spectrum of both bands absorption characteristics of 
chitosan, respectively, the glucosamine unit, as well as the sulfonamide constituent 
[41]. 

Thus, in the spectrum of chitosan and its functionalized derivatives, the charac-
teristic bands of the amide assembly were identified, due to the vibrations of dC = 
O (amide I) in the range 1628–1655 cm−1 and dNH (amide II) in the range 1564– 
1597 cm−1. At the same time, in the 3320–3400 cm−1 region, a broad band attributed 
to the valence vibration of the alcoholic OH clusters was identified. The sulfonamide 
constituent is present in the spectrum through the characteristic absorption bands 
of the sulfonamide assembly, dSO2-N in the ranges 1255–1261 cm−1 and 1162– 
1167 cm-1. The aromatic nucleus is present in the form of multiple bands, the most 
intense of which are those in the region 1538–1547 cm−1 and 833–898 cm−1 [42]. 

2.4.1.2 Molecular Mass 

The definition of the average molecular mass of polyglucides as well as the under-
standing of its consequences on the physico-chemical behavior presented a real 
challenge for chemists for a long time. In the case of chitin and its derivatives, 
the knowledge of these data is of great importance in industrial applications and 
in numerous research fields. Although the primary skeleton of chitosan consists 
of acetylated β-1,4-D-glucosamine units, the name chitosan is actually a collective 
term that defines chitins with various degrees of deacetylation and which differ in 
terms of crystallinity, optical characteristics, the degree of acetylation, the content 
of impurities, and the molecular mass.
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The methods of obtaining and the origin are the main factors responsible for the 
above differences. Depending on the further applications of chitosan, high-accuracy 
molecular mass estimation methods are needed [43]. 

Current methods are based on viscometric measurements. Lately, chromato-
graphic estimation methods, also known as permeable gel chromatography or filtering 
gel chromatography, are used. They are used both to determine the molecular mass 
and its distribution for various materials: synthetic polymers, biopolymers, or natural 
polymers [44]. 

Another recently used method with very good results is IR spectroscopy (which 
measures the refractive index). 

2.4.1.3 Solubility 

Chitosan is insoluble in water at an almost neutral pH, in concentrated acids, with 
the exception of H2SO4, as well as in organic acids. 

Being a polyamine, it is soluble in dilute acid solutions, forming the respective 
quaternary ammonium salt with organic acids; it dissolves in hydrochloric acid and 
solutions of organic acids such as formic, acetic, oxalic, and lactic acid. Solubility 
depends on the concentration and type of acid [45]. The solubility of chitosan depends 
on both its degree of dissociation and its mode of preparation. 

2.4.1.4 Crystal Skeleton 

Chitosan has a crystalline skeleton, and its polymorphism depending on its physical 
state. Its varied skeletons include an anhydrous form, a hydrated form, and various 
salts, recently analyzed by X-ray diffraction. The polymer chains in the hydrated 
forms are four in number, which pass through the unit cell. The two adjacent chains 
along the b-axis are crystallographically independent, arranged in an antiparallel 
manner, and connected by two rows of N2…O6 hydrogen bonds [46]. In anhydrous 
chitosan, the two adjacent polymer chains are found along the a-axis. 

2.4.2 Technical Valuables 

2.4.2.1 Flocculation 

As mentioned in the introduction, chitosan represents a promising alternative in 
obtaining synthetic polycations, then used as flocculation agents. Water treatment 
offers many possibilities, from the removal of humic acid from drinking water 
to various techniques for treating wastewater or dewatering sludge. However, the 
skeleton-function relationship has rarely been studied from the point of view of 
flocculation in the case of chitosan [47].



2 Biological and Chemical Aspects of Chitosan 41

However, an increase in the efficiency of chitosan, as a flocculating agent, could 
be correlated with the decrease in pH and the number of fragments of acetylated 
units and with a significant increase in density. 

2.4.2.2 Gelation 

Until now, no ionic and non-toxic cross-linking agent has been found that can confer 
a better reproducibility of chitosan gels like the calcium ions used for the gelation of 
alginates. However, it was observed that chitosan-based hydrogels, cross-linked with 
molybdate polyoxyanions, have a transparent, thermo-resistant skeleton and are able 
to increase their dimensions several times compared to the initial ones after swelling 
[48]. 

The gelation kinetics as well as the final elastic valuables of these gels were 
influenced by the fragment of acetylated units, and more precisely the final valu-
ables of the hydrogels were determined by the interchain interactions between these 
acetylated clusters. 

2.4.3 Biomedical Valuables 

Probably the most promising uses of chitin and chitosan refer to their use in 
biomedical, biotechnological, and pharmaceutical applications. For such applica-
tions, chitosan must present a high purity and the chemical composition and distri-
bution of the molecular chains must be well determined. Chitosan has a biodegrad-
able skeleton and therefore its degradation in the human body must be very well 
controlled. This is possible through rigorous control of crystallinity [49]. Also when 
it is used in tissue engineering or tissue reconstruction, a particularly important 
quality is biocompatibility. 

2.4.3.1 Adsorption Capacity of Drugs 

Valuables of chitosan such as bioadherence, biodegradability, and low toxicity are 
very important in controlled drug release applications. "In vitro" studies have shown 
the effect of chitosan’s chemical composition, molecular mass, and molecular mass 
distribution on adsorption capacity [50]. 

It was thus possible to demonstrate that the most efficient adsorption occurred in 
the case of chitosan with a low fragment of acetylated units but with a high molecular 
mass.
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2.4.3.2 Genetic Engineering 

Gene transfer systems of nonviral origin have recently attracted attention as an alter-
native in the transport of DNA plasmids to cell nuclei in genetic engineering. A 
number of polycations, including synthetic polycations, polylysines, lipid cations, 
and more recently chitosan, have been successfully used as condensing agents 
in genetic engineering [51]. As in the case of systems with controlled drug 
release, the fragment of acetylated clusters, the molecular weight, and the degree 
of polydispersity decisively influence the ability of chitosan to be used in such 
applications. 

2.4.3.3 Capability to Form Capsules 

Since most living cells and tissues have a negative exchange surface, chitosan, used 
as a polycation, has a very good adhesion. Chitosan can also form complexes with 
a series of polyanions such as DNA, alginates, and mucin [52]. Chitosan with a low 
fraction of acetylated clusters shows much better adhesion, and changing the pH to 
higher values positively influences adhesion. Surface treatments are often used for 
better bioadherence. 

2.5 Chitosan Modifications: Chitosan Derivatives 
of Chitosan 

Chitosan, as well as other polyglucides, can be chemically modified in various ways 
to improve their valuables in order to meet certain specific requirements. However, 
there are numerous uses of chitosan and its derivatives (Table 2.2). 

CSs are less susceptible to potential reactants than (C6H10O5)n, probably due 
to the characteristic crystalline supramolecular skeleton, with strong intermolecular 
bonds. The chemical reactions in which these two polyglucides take part are usually 
carried out with difficulty due to their limited solubility and reactivity. Thus, most of 
the time, the modification reactions of chitin and chitosan take place in heterogeneous 
conditions [53]. 

2.5.1 Hydrolysis of the Main Chain 

2.5.1.1 Chemical Hydrolysis 

The glycosidic bonds of chitosan are relatively stable to the action of alkalis, being, 
instead, cleaved by acids. Total hydrolysis with hot hydrochloric acid of chitosan
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results in D-glucosamine. Under mild conditions, through acid hydrolysis, mixtures 
of oligosaccharides can result. Hydrochloric acid is primarily used in the case of 
partial hydrolyzes, and the products are mainly oligomers with a degree of poly-
merization of 2–4 [54]. Hydrofluoric acid hydrolysis of chitosan results in obtaining 
chitooligosaccharides in the form of glucopyranosyl α-fluoride at the reduced end. 
Ultrasonic treatments facilitate chemical degradation. 

2.5.1.2 Enzymatic Hydrolysis 

Both CSs and chitosan are degraded in nature by a multitude of microorganisms. 
Most chitinases in microorganisms hydrolyze glucosamine N-acetyl-β (1 → 4) 
bonds randomly. Unlike chitinases, EC 3.2.1.132 or chitosanases (catalyzing the 
endo-hydrolysis of β1-4-glycosidic linkages between GlcNAc and GlcN) have been 
studied less. However, it is known that chitosan is susceptible to E.C. 3.5.1.52 or 
N-glycanases, (catalyzes the hydrolysis of a glycan), E.C. 3.1.1.3 (triacylglycerol 
hydrolases) or lipases (catalyze the hydrolysis of triacylglycerols [TAGs] to glyc-
erol and fatty acids [FAs]), and EC 3.4.21 or/and proteases (enzymatic degradation 
of proteins/peptides by hydrolytic cleavage of the peptide bond in an exergonic 
reaction). 

It was observed that by degrading chitosan with the help of chitosanase obtained 
from Bacillus sp. corresponding dimers and pentamers result without the formation 
of monomers, and the cellulase from T. viride hydrolyzes chitosan giving products 
that vary from hexamers to octamers, separated in the crystalline form [55]. 

2.5.1.3 Deacetylation and Adsorption of Metals 

Chitosan, as well as chitin, show significant affinities for metal cations. Chitosan 
has a high capacity to collect heavy metal cations, being one of the best absorbents 
found in nature, and it absorbs a wide variety of metals (Cu, Hg, Cd, Fe, Ni, Zn, Pb, 
Ag) and highly toxic organo-mercury compounds [56]. The adsorption capacity of 
metals is greatly influenced by the degree of deacetylation (by the amount of free 
amino clusters) and hydrophilicity. 

2.5.1.4 Acetylation 

N-acetylation of chitosan can be easily controlled, when it occurs in aqueous solutions 
of CH2COOH or in the state of highly swollen gel, in pyridine. In this case, a degree 
of N-acetylation of 50% was reached, the products being soluble in water. 

Furthermore, no appreciable degradation was observed during chitosan acetyla-
tion. Introduction of acetyl clusters to the amino function is effective using a highly 
swollen gel of chitosan in pyridine [C5H5N] with acetyl chloride [CH3COCl] [57].
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The reactions can be controlled with an amount of acid chlorides to give two series 
of acylated products with different degrees of substitution. 

2.5.1.5 Acylation 

Chitosan can be acylated with carboxylic acid chlorides, with a long aliphatic chain 
(hexanoyl, nonanoyl, dedecanoyl, tetradecanoyl chlorides), in a mixture of pyridine 
and chloroform to form derivatives with degrees of acylation. Due to the presence 
of the free amino assembly and the toxicity low, chitosan is an efficient carrier for 
biologically active species. To carry out coupling reactions to the amino assembly of 
chitosan, in organic solvents, it can be acylated, to obtain derivatives with increased 
solubility in common polar solvents. Thus, the 6-O-triphenylmethyl-chitosan deriva-
tive, obtained by acylation, can be conjugated with the pentapeptide Tyr-Ile-Gly-Ser-
Arg (YIGSR), to obtain a product with significant antitumor activity demonstrated 
against lung metastases with B16BL6 murine melanoma cells in C57BL/6 mice. The 
pentapeptide [C21H35N6O10] having a laminin sequence, which is known to play a 
role in the metastasis of tumor cells, itself inhibits the formation of metastases in vitro; 
however, its digestion by proteases in vivo requires immobilization on appropriate 
polymeric supports for promising results [58]. 

2.5.1.6 N-phthaloylation of Chitosan 

Phthaloylation 

The functionality of the amino clusters can be protected by the phthaloyl assembly. 
Phthaloylation can be a practical way of solubilization in organic solvents, since the 
phthaloyl assembly removes the hydrogen from the amino assembly, preventing the 
formation of the hydrogen bond. Thus, the N-phthaloyl assembly can be indispens-
able both for protection and solubilization [59]. N-phthaloylation of total deacety-
lated chitosan can be obtained by treating a suspension of chitosan in dimethyl 
formamide [C3H7NO] with an excess of phthalic anhydride [C8H4O3], at 120–130 
°C. 

Modification of phthaloyl-chitosan 

The phthaloyl assembly can be removed by reaction with hydrazine to regenerate the 
free amino assembly. The main chain of chitosan is considered to be sufficiently rigid 
to facilitate the formation of mesophases, suggested by the liquid crystal valuables of 
chitosan in acidic aqueous solutions. Both N-phthaloyl-chitosan and the acetylated 
derivative 3,6-di-O-acetyl-N-phthaloyl-chitosan form lyotropic liquid crystal phases 
in Dimethyl sulfoxide; [(CH3)2SO] abbreviation DMSO [60]. The thermal behavior 
of the gel phases in the lyotropic liquid crystal of the above derivative reveals that 
the sol-gel transition is reversible with significant temporal hysteresis.
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Phthaloyl-chitosan-based branching 

One of the most important modifications of N-phthaloyl-chitosan is the introduction 
of saccharide branches in chitosan to obtain synthetic branched polyglucides. These 
polyglucides have been shown to have unique physical valuables and biological 
activities. They are very hygroscopic and show high degrees of water absorption 
and retention [61]. Also, they seem to be susceptible to lysozymes, enzymatically 
degradable, and show increased antimicrobial activity. 

Coughing 

The improved solubility observed in chitosan derivatives with block clusters indicates 
that the introduction of such clusters effectively destroys the tight arrangement of 
the polyglucide molecules in the crystalline solid state. Since the radical of p-toluene 
sulfonic acid (tosyl) is a block assembly and its ester is highly reactive, it makes it 
a good candidate for substitution in order to obtain a soluble precursor that gives 
controllable reactive modifications [62]. 

2.5.1.7 Formation of Schiff Bases 

The free amino assembly of chitosan in reaction with an aldehyde leads to the forma-
tion of the corresponding Schiff base. Such a reaction can take place in a mixture of 
CH2COOH and methanol, sometimes reaching high degrees of substitution, close to 
1. During the reaction, the solution gels due to the low solubility of the resulting Schiff 
base derivatives. Aldehydes can be used to protect the amino clusters of chitosan, 
allowing only the hydroxyl clusters to be modified [63]. Thus, through a series of 
reactions, fully acylated chitin can be obtained. 

2.5.1.8 Reductive Alkylation 

The best way to selectively introduce alkyl clusters or substituted alkyl clusters 
to the amino clusters of chitosan is reductive alkylation. Thus, chitosan is treated 
with aldehyde or ketone resulting in an imine (Schiff base) which can be easily 
transformed into N-alkyl derivative by reduction with sodium borohydride or sodium 
cyanoborohydride. In the presence of reducing sugars (glucose, galactose, lactose, 
and cellobiose) reductive alkylation occurs easily, with the introduction of saccharide 
clusters in chitosan [64]. The reductive alkylation of chitosan with salicylaldehyde or 
phthalaldehyde acid should also be considered here in order to increase the adsorption 
capacity for metals, obtaining a substantial improvement in chelation.
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2.5.1.9 O-carboxymethylation 

The introduction of the carboxymethyl assembly in chitin or chitosan leads to the 
formation of anionic derivatives. Carboxymethylation of chitin takes place by treating 
alkali-chitin with monochloro CH2COOH, the reaction being greatly facilitated by 
the use of a suitable organic solvent. It is assumed that the carboxymethylation 
reaction occurs preferentially at C-6, as observed from the results of the constitutional 
analysis of the monomeric unit obtained by hydrolysis [65]. 

Chitosan can be carboxymethylated under reasonable conditions, but in this case, 
the carboxymethyl clusters are introduced both to the hydroxyl and to the amino 
clusters with the formation of N, O-carboxymethyl chitosan. During the reaction, N-
deacetylation takes place along with the formation of polymers, having both carboxyl 
and amino clusters. 

2.5.1.10 Radical Copolymerization 

This copolymerization reaction, which has recently seen progress, introduces new 
side chains to make possible the existence of several different molecular arrange-
ments, allowing the emergence of new types of hybrid materials, composed of natural 
polyglucides and synthetic polymers. The valuables of the radical copolymerization 
products can be easily controlled by the characteristics of the side chains (molecular 
skeleton, length, and number) [66]. Radical copolymers based on chitosan and chitin 
could have new applications in certain fields such as water treatment, adsorption of 
metal cations, medicine, and agriculture [67]. 

Poly(ethylene glycol) [(PEG) C2nH4n+2On+1] is a unique polymer, which presents 
multiple characteristics, including solubility in water and organic solvents, forms 
complexes with metal cations, and has low toxicity and good biocompatibility. That 
is why the most numerous studies have been done on the grafting of chitosan with 
PEG, from the point of view of the various possible applications. When chitosan is 
grafted with polyaniline, products are obtained from which films or fibers can be 
made, the valuables of which vary depending on the percentage of aniline. 

Chitin graft copolymerization with methyl acrylate, methyl methacrylate, and 
vinyl monomers (acrylamide, acrylic acid) was experimented with Ce (IV) and 
styrene by gamma irradiation. The products obtained by copolymerization with vinyl 
monomers demonstrated a much improved swelling and solubilization behavior, 
having a much higher hygroscopicity compared to chitin, and in the case of copoly-
merization with methyl acrylate and methyl methacrylate, it was observed that at a 
grafting percentage of over 400%, the swelling became very pronounced, giving rise 
to transparent films [68].
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2.5.1.11 Chitosan Derivatives Soluble in Water at Neutral pH 

Many of the applications of any chemical matter, natural or synthetic, require chem-
ical processability. Thus, chitosan, a white powder, is difficult to handle due to solu-
bility problems in neutral water, bases, and organic solvents. The pKa value of the 
primary amino clusters in chitosan is 6.5. So, even if chitosan and its derivatives are 
soluble at a pH lower than 6, most of its applications in basic or neutral environments 
cannot be realized [69]. On the other hand, the acidic solutions in which chitosan 
is soluble are not compatible with many applications, such as those in cosmetics, 
medicine, and food. There are two approaches in the literature about improving the 
solubility of chitosan at neutral pH [70]. 

The first is the chemical derivatization of chitosan (for example with substituents 
containing a quaternary ammonium assembly, by carboxymethylation or sulfation) 
so that the added substituent is hydrophilic. The second method uses chitosan with a 
diacetylation of 50% prepared by homogeneous processing of chitin. Under homo-
geneous processing conditions, the obtained chitosan remains in the solution after 
neutralization and there is no need for derivatization [71]. However, some applica-
tions of chitosan use its derivatized forms, and in order to improve solubility, the 
introduction of ionic clusters into the biopolymer skeleton is required. 

2.5.1.12 Quaternary Derivatives of Chitinous Matters 

The simplest derivative of this class is the trimethylammonium salt of chitosan. 
Repeated treatment of chitosan in N-methyl-2-pyrrolidone (NMP) containing sodium 
iodide and methyl iodide in the presence of sodium hydroxide results in the trimethy-
lammonium salt of chitosan with a high degree of substitution. For reasons of stability, 
an ion exchange is required (iodide with chloride). The resulting product is soluble 
in water at neutral pH. Daly and Guerrini developed a method using the commer-
cial Quat-188 [(3-chloro-2-hydroxy)-propyltrimethylammonium chloride] salt in the 
preparation of derivatives [72]. 

The second approach produces the glycidyl reagent in situ and reduces the 
concerns associated with using epoxies on a large scale. The derived Chit-Quat has 
an excellent solubility in water. The process of introducing quaternary ammonium 
substituents into the chitosan skeleton is called quaternization, its agent being Quat-
188. The triethylaminoethyl derivative of chitin [triethylaminoethyl–chitin (TEAE– 
chitin)] has a good solubility in water at neutral pH, being prepared by activating the 
C-6 primary hydroxy assembly in chitin at low temperature to minimize deacety-
lation [73]. Activated chitin was subjected to the reaction with Diethylaminoethyl 
Chloride [C6H15Cl2N], followed by quaternization using ethyl iodide [74]. Interest-
ingly, the diethylaminoethylation (DEAE)-Chitin intermediate was soluble at neutral 
pH.
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2.5.1.13 Carboxyalkylated Derivatives of Chitosan 

Through the carboxyalkylation process, acidic clusters are introduced into the 
biopolymer skeleton. But due to the presence of free amino clusters in chitosan, 
these derivatives show amphotericity. So they have an isoelectric point seen in other 
amphoteric molecules such as polypeptides, where the biopolymer has no net elec-
trical charge. At the isoelectric pH, the biopolymer remains undissolved. Solubility 
in water is obtained at pH values below or above the isoelectric point. Both chitosan 
derivatives, N-carboxyalkyl and O-carboxyalkyl, were prepared by using different 
reaction conditions to obtain N vs. selectivity, more correctly O selectivity [75]. 

A third route of selective synthesis with the formation of N-carboxyalkylates uses 
carboxyaldehydes in a reductive amination sequence. The reaction is carried out 
in homogeneous conditions, if the aldehyde used is soluble in water, allowing to 
increase the degree of substitution that must be distributed along the skeleton of the 
biopolymer [76]. Sequential substitutions lead to the formation of bis-carboxymethyl 
derivatives by using glyoxylic acid. By their nature, the N-sulfonated derivatives of 
chitosan are amphoteric and can be prepared under heterogeneous reaction conditions 
by using 2-sulfobenzoic acid anhydride. 

2.5.1.14 Other Derivatives 

Other non-ionic, polar derivatives of chitosan were also prepared which showed 
solubility in water at neutral pH. The polar substituent used is either of carbohydrate 
origin (with some hydrophilic hydroxy clusters) or of a polar biopolymer (e.g. poly-
acrylic acid) from the chitosan skeleton. Products with ionizable chain amino acid 
substituents (amino clusters and carboxylic acid) also showed solubility in water at 
neutral pH. Commercial production of chitin and chitosan is mainly based on waste 
from marine industries (e.g. fishing, shellfish harvesting, etc.). Different raw mate-
rial sources result in different qualities of chitin and chitosan, resulting in produc-
tion and quality fluctuations due to seasonal fishing variations. In addition, chitosan 
derived from fungal sources offers superior reporting valuables such as homogeneous 
polymer length and higher solubility compared to chitosan from marine sources [77]. 
To provide uniform chitosan, extraction of chitin from fungal species has become a 
stable alternative production. The production of chitin and chitosan from mushrooms 
can be easily and reliably achieved using ultrasonic extraction and deacetylation 
technology. 

2.6 Conclusions and Recommendations 

Chitin and chitosan are complementary compounds: to obtain chitosan, chitin must 
be present. Certain enzymes (chitinases) in the digestive tract of certain predators 
digest it (birds and mammals for example). These enzymes can also be produced by
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the intestinal flora of the host, for example, the bacterial intestinal flora of the snail 
Helix pomatia which can thus digest the fungi. Finding chitin in an organism does 
not always mean that it produced it on its own; it can come from its food or from an 
intestinal flora (endoflora) that secretes it. The chitin of dead insects or crustaceans 
is degraded more or less rapidly in ecosystems by communities of microorganisms 
and bacteria. Research confirms that chitin has extremely low toxicity. Side effects 
are possible in people with shellfish allergies. 

Since chitosan is much easier to process than the chitin from which it comes, 
there are numerous systems described in the literature, used mainly in the biomed-
ical field. However, it should be noted that the stability of these chitosan-based mate-
rials is lower, due to their more hydrophilic nature and sensitivity to pH. Numerous 
techniques (chemical modifications) are used to control the chemical and mechan-
ical valuables of chitosan-based systems. Biodegradable polymers such as chitosan 
must be cross-linked to reach the performance of modulating their general valuables 
and giving them good stability over time. Certain reagents such as glutaric alde-
hyde, tripolyphosphate, ethylene glycol, diglycylether, and diisocyanate were used 
to cross-link chitosan. There are studies that have demonstrated that cross-linking 
agents are more or less cytotoxic, and thus can drastically decrease the biocompati-
bility of release systems. Thus, it is desirable that the cross-linker used in biomedical 
applications presents low toxicity and forms biocompatible and stable cross-linked 
products. 
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Chapter 3 
A Medico-Biological Approach 
to Chitosan Bionanocomposites 

Namrata Khanna, Tanushri Chatterji, Suruchi Singh, and Nivedita Khanna 

Abstract Significance of biopolymers like chitosan and its nanosized deriva-
tives and the procedure of their implementation in various disciplines, particu-
larly in medicine, is continuously increasing. The distinctive biological, physic-
ochemical, physiological and ecological properties like biodegradability, biocom-
patibility, reduced toxicity, environmental stability, enhanced metabolic activity, 
cost-effectiveness, capability to chelate ions and elevated absorption make chitosan 
a promising prospect for use in various biomedical applications. Hydroxyl and 
amino functional groups make chitosan a propitious agent for several biomedical 
processes like precision carrier of drugs, bone or tissue engineering, healing of 
wounds, alternative medicine, haemostasis, dental procedures, cosmetic treatment 
and in various biotechniques. Chitosan and derivatives are also involved in mucosal 
delivery of vaccines. Nanoparticles conjugated with chitosan have immense scope 
for development of innovative drugs and vaccines. Based on recent research, the 
current chapter elaborates the techniques employed for preparation of chitosan-based 
nanocomposites.
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3.1 Introduction 

Chitosan is a biodegradable polysaccharide, synthesized by deacetylation from chitin 
in an alkaline environment or in presence of chitin deacetylase through hydrolysis. 
Nanomaterials derived from chitosan have allured biomedical researchers worldwide 
by virtue of their distinctive non-toxic, biocompatible, biodegradable, antineoplastic, 
immunoenhancing and antimicrobial properties. Chitosan and products of its enzy-
matic hydrolysis interact with cells but do not cause any adverse reaction in the 
body. Chitosan reduces absorption of cholesterol, blocks free radical chain reactions 
and is a potent microbicidal agent, acting against several fungi, bacteria and yeasts. 
Chitosan, by itself or with polymers and metallic nanostructured composite materials, 
has a widespread use in several biomedical procedures, as a microbicidal agent in 
wound dressing; as a nanostructured carrier for delivery of drugs to malignant tissue, 
scarcely affecting the normal tissue; for delivery of genes; in dental procedures; for 
haemodialysis and for immobilization of enzymes. 

Chitosan reactive groups are primary amino group on carbon 2 and primary, 
secondary hydroxyl groups on carbons 6 and 3 (Fig. 3.1). Other functional groups 
are glycosidic bonds and the acetamide moiety. All functional groups are capable 
of modification, forming polymers of different properties and behaviour. Several 
derivatives of chitosan have been developed to further improve chitosan’s features or 
introduce innovative features. For example, water solubility of chitosan is enhanced 
by several processes, specially depolymerization, deacetylation or quaternization [1]. 
Modified chitosan exhibits innovative activities, for instance, 6-O-sulphated chitosan 
enhances differentiation of neurons and phosphorylated chitosan inhibits corrosion 
[2, 3]. 

Fig. 3.1 Chemically modifiable functional groups in chitosan, used for preparing chitosan-based 
nanocomposites



3 A Medico-Biological Approach to Chitosan Bionanocomposites 57

. 
Many diverse viewpoints regarding the antibacterial effect and methodology 

employed by chitosan-based nanomaterials are described in the current chapter. 
Chitosan and its nanostructured derivatives increase permeability of drugs through 
the blood–brain barrier, hence are effective carriers of drugs to the brain. Chitosan-
based nanomaterials are used for uptake and transfer of drugs to target tissues and 
their utilization in many other biomedical procedures are also reviewed. 

3.2 Unique Biological Properties of Chitosan Employed 
for Different Biomedical Applications 

Chitosan basically is a linear homopolysaccharide. It consists of repeating units 
of N-acetyl glucosamine, which are linked through β-(1, 4) glycosidic bonds. It is 
obtained through deacetylation of chitin, which is an unbranched glucose-derived 
homopolymer. Chitin is present in crustaceans, in exoskeleton of many insects 
and in cell wall of a few bacteria and fungi [4]. Chitosan exhibits different qual-
ities depending on origin of chitin and its depolymerization and deacetylation. For 
instance, chitin extracted from three different crustaceans, Paralomis granulosa, Lith-
odes antarcticus and Palinurus vulgaris, vary in physiochemical properties and crys-
tallinity, hence the resulting chitosan exhibits different characteristics [5]. Chitosan 
exhibits unique properties, which makes it a significant tool for several biomedical 
applications. A few exceptional characteristics are discussed in the following sections 
and represented in Fig. 3.2. 

Fig. 3.2 Chitosan with 
distinctive properties has a 
significant role in biomedical 
applications
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3.2.1 Non-toxicity 

Chitosan has a remarkable property of preventing excessive inflammation and 
averting immune responses. Investigations reveal that chitosan varying in molec-
ular weight and level of deacetylation exhibits reduced toxicity, which does not 
change even after uptake of nanoparticles (NPs) or in chitosan functionalization 
with succinate [6, 7]. 

3.2.2 Antimicrobial Activity 

Several hypotheses explain the antimicrobial action of chitosan. The most accepted 
one states that positive amino group of glucosamine group in chitosan interacts 
with negative charge on bacterial surface, causing leakage of cellular material and 
resulting in bacterial death [8]. Another study on E.coli suggests that chitosan binds 
with DNA, preventing transcription and subsequent mRNA entry into the nucleus 
[9]. Chitosan molecules have chelating characteristics and bind to essential metal 
ions to prevent bacterial growth. For instance, amino group reacts with calcium 
and magnesium ions on bacterial surface and prevents induction of toxic materials, 
inhibiting bacterial cell growth [10]. Chitosan may also prevent entry of oxygen and 
essential materials within the bacterial cell, resulting in cell death. 

Antimicrobial activity of chitosan increases when pH and degree of acetylation 
are low. As molecular weight decreases, the antibacterial action of gram-negative 
bacteria increases and action for gram-positive bacteria decreases. Antimicrobial 
action is more pronounced as chitosan and derivatives interact with the cell wall to 
induce a higher bacterial mortality [11]. Table 3.1 summarizes the factors affecting 
antimicrobial activity of chitosan. This interaction depends on hydrophilic character 
of the bacterial wall, which explains chitosan’s non-toxicity to human cells [12]. Envi-
ronmental temperature also affects chitosan’s antimicrobial activity. Temperature 
influences viscosity and molecular weight of chitosan molecule [13].

3.2.3 Hemocompatibility 

Chitosan can speed up wound healing by interacting with platelets, hence it has 
been employed in various investigations involving coagulation [15]. Chitosan is 
a potent material for wound dressing owing to the unique properties of chemoat-
traction, analgesic character, antimicrobial properties, enhanced granulation tissue, 
re-epithelialization, role in activating macrophages and neutrophils, regulated scar 
development and contraction [16].
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Table 3.1 Factors affecting microbicidal activities of chitosan [14] 

Factors Inferences 

Molecular weight Chitosan composites with higher molecular weight pile up on bacterial 
surface, preventing entry of nutrients and finally killing the bacteria 
Chitosan composites with lower molecular weight enter the bacterial 
cell thereby binding with DNA and preventing transcription 

Extent of deacetylation A high positive charge on chitosan molecule defines the extent of 
deacetylation 

pH Antimicrobial activity increases at acidic pH, when constituent amino 
groups ionize and the positive charge on chitosan binds with negatively 
charged bacterial surface 

Temperature Temperature variation affects antimicrobial activity of chitosan, owing 
to changes in viscosity and molecular weight 

Fungi High molecular weight and low extent of acetylation decrease 
anti-fungal action of chitosan 

Gram-positive bacteria Cell wall consists of teichoic acid and peptidoglycan, responsible for 
functioning of various enzymes and gives stability to cell wall 

Gram-negative bacteria Cell wall consists of peptidoglycan which gives a high negative charge 
and binds easily to positively charged chitosan. Hence chitosan has a 
stronger antimicrobial action on gram-negative bacteria

3.2.4 Antineoplastic Activity 

Recent studies involving both in vivo and in vitro systems reveal antineoplastic char-
acter of chitosan. Activity of chitosan and derivatives results in increased secretion 
of interleukin (IL)-1 and 2, which causes cytolytic T lymphocytes to mature and 
infiltrate [17]. 

3.2.5 Mucoadhesivity 

Positively charged chitosan molecules have a unique property of binding to surfaces. 
This property aids not only in formulation of strategies which mediate delivery of 
favourable molecules by employing mucosal pathways but is also useful in adsorbing 
molecules which cannot bind to the negatively charged mucus [18]. Chitosan linked 
to polymers enhances their capability to adhere to surfaces through opening of tight 
epithelial junctions [19].



60 N. Khanna et al.

3.2.6 Antioxidant Activity 

Antioxidants are instrumental in maintenance of health and wellness. They are 
actively involved in intercepting reactive oxygen species (ROS), responsible for 
breakdown of membrane proteins, lipids and DNA [20]. A few in vitro studies reveal 
that ROS can be removed by action of chitosan and its products. Removal of free 
radicals is better in presence of chitosan molecules with lower molecular weight [21]. 
According to a recent investigation, the antioxidant property of chitosan depends on 
activity of amino functional groups and carboxyl functional groups, which stabilize 
free radicals [22]. 

3.2.7 Immunoenhancing Effects 

Chitosan has the ability to generate numerous anti- and pro-inflammatory cytokines 
[23]. It is also capable of stimulating macrophages and natural killer (NK) cells [24]. 

3.2.8 Biodegradability and Biocompatibility 

Enzymes like lysozyme, chitinases and bacteria inhabiting the colon degrade chitosan 
into non-toxic products like N-acetyl glucose and glucosamine, both are easily 
removed and do not induce an immune reaction. This makes chitosan an excel-
lent choice for various biomedical applications. Chitosan is highly biocompatible 
and forms hydrogels via crosslinking methods. It has structural and functional simi-
larities with glycosaminoglycans (GAGs), which constitute the extracellular matrix. 
Hence, chitosan is often employed for devising biodegradable and biocompatible 
delivery systems [25]. 

3.3 Synthesis of Chitosan-Based Bionanocomposites 

Chitosan-based bionanocomposites were first developed in a study by Ohya et al. 
(1994) as a chemotherapeutic agent for the delivery of 5-fluorouracil [26]. Subse-
quent studies have conducted extensive investigations with chitosan-based nanocom-
posites and devised various methodologies considering various factors like stability, 
size, drug-bearing capacity and retention time. The basic strategies employed to form 
chitosan nanocomposites involve precipitation, emulsification, covalent crosslinking 
or ionic interactions, evaporation or their combinations. Chitosan nanoparticles carry
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many lone-pair electrons and can bind easily with empty orbitals. They are exten-
sively employed for delivery of drugs and genes [27], for use as biosensors [28], and 
in optical imaging [29, 30]. 

These activities of chitosan biocomposites depend on the size of particle 
and uniform character of chitosan microspheres. Antigen distribution, adsorption 
and related immune responses are contingent on particle size of nanocomposite. 
Chitosan-based nanocomposites are synthesized by emulsion crosslinking, spray 
drying, solvent evaporation, ionic crosslinking, flocculation or precipitation and 
chitosan coating. 

3.3.1 Emulsion Crosslinking 

The nanocomposites synthesized according to this method involve covalent 
crosslinking and employ chitosan along with a crosslinking agent. Aldehyde group 
of the crosslinking agent and positive amino group of chitosan react to constitute the 
biocomposite. The emulsion consists of chitosan in aqueous phase and phase of Span 
80 as toluene, stabilizer and glutaraldehyde as crosslinking agent. Both the phases 
are thoroughly mixed to facilitate crosslinking and the resulting nanocomposites are 
observed in the form of droplets [31], which are spherical and sparsely distributed 
particles with enhanced stability and prolonged drug release. The method is no longer 
employed as glutaraldehyde causes toxicity. 

3.3.2 Microemulsion Method 

This is another method employing covalent crosslinking and is also called the 
reversed micelles method. Water-in-oil reverse micelle structures aid in synthesis 
of chitosan-based nanocomposites. Aqueous phase of chitosan and glutaraldehyde 
and organic phase of lipophilic surfactant and organic solvent are mixed. Typically, 
cetyltrimethylammonium (CTAB) bromide or sodium bis(2-ethylhexyl) sulfosuc-
cinate (AOT) are the surfactants, and the organic solvent employed is n-hexane 
[32, 33]. The micelle has a core composed of chitosan, where nanocomposites 
are formed via covalent crosslinking. The nanocomposites have a size less than 
100 nm, which play important roles in efficient drug loading and precise release. 
Recently, the methodology has been improvised to incorporate non-toxic solvents 
and crosslinking agents. This overcomes limitations associated with the conventional 
method based on glutaraldehyde [34].
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3.3.3 Ionic Gelation 

Ionic crosslinking is the principle behind this procedure, which happens between 
opposite charges; amino groups in chitosan react with negative charge on sodium 
tripolyphosphate (TPP) [35]. For gelation, chitosan in acetic acid is added to a solu-
tion of TPP. After centrifugation and washing, chitosan nanoparticles are separated 
by freeze drying or oven drying. The process is uncomplicated, can be achieved at 
room temperature and nanocomposites are produced without involvement of toxic 
crosslinking agents or solvents. The particle size can be modified through variation 
in the chitosan-TPP ratio, which is significant for efficient drug loading and precise 
delivery to target tissues [36, 37]. 

3.3.4 Spray Drying 

This method of producing chitosan nanocomposites involves dissolving chitosan in 
acetic acid and nanocomposites formed by passing this solution through a nozzle at 
high temperature [38]. Magnetic chitosan-based nanocomposites can also be synthe-
sized by spray drying [39]. Supercritical-CO2-assisted solubilization and atomization 
(SCASA) is a method that utilizes pressurized CO2 and water for dissolving chitosan. 
After a long dissolving period of 48 h, chitosan is passed into a fluidized bed through 
a nozzle that results in atomization. Nanocomposites are formed upon spray drying 
and can be collected through a filter placed at the top of fluidized bed [40]. Major 
disadvantages are long processing time and the particle size. Ethyl cellulose and 
chitosan-based nanocomposites, which are used as carriers of neurotrophic factors, 
are also produced by spray drying. The nanoparticles obtained from spray drying are 
uniform and spherical in shape. They have a sustained release and are significant in 
treating tuberculosis and neurodegenerative disorders. 

3.3.5 Precipitation/Flocculation 

Chitosan-based nanocomposites can be created by procedures involving precipi-
tation. Phase inversion precipitation employs emulsification in combination with 
precipitation. An oil-in-water emulsion consists of dichloromethane and acetone as 
organic phase and chitosan in an aqueous phase, along with a stabilizer (poloxamer). 
Homogenization under high pressure releases nanosized well-distributed emulsion 
drops. Methylene chloride is separated from emulsion at room temperature through 
volatilization at low pressure, which removes acetone from emulsion drops and 
simultaneously precipitates nanocomposites [41]. Emulsion–droplet coalescence is 
another method involving precipitation and is also called desolvation. It requires two 
water-in-oil emulsions, which coalesce leading to precipitation of nanocomposites.



3 A Medico-Biological Approach to Chitosan Bionanocomposites 63

Precipitation is brought about by NaOH, which is present in one of the two emul-
sions. Liquid paraffin and sorbitan sesquioleate are blended as a phase for the two 
emulsions, the first contains chitosan and the other has NaOH. Chitosan-containing 
emulsion is prepared by homogenization at high velocity. When the two emulsions 
are blended, NaOH molecules diffuse out into the nanodroplets, decreasing chitosan 
solubility and causing precipitation of the nanocomposite. Nanocomposites are disas-
sociated upon centrifugation and washed by ethanol, toluene, water and freeze drying 
[42, 43]. Typically, precipitated nanocomposites are greater than 600–800 nm in size. 
Precipitation methods are not favoured for use because of requirement of solvents 
(organic) and high energy during homogenization, hence very few studies have been 
conducted. In one of the studies on phase inversion precipitation, chitosan-based 
nanocomposites had high effectiveness for encapsulating hydrophobic drugs like 
Cyclosporin A [34, 41]. 

3.3.6 Solvent Evaporation 

This approach makes use of the variation in soluble phase along with sonication. The 
chitosan derivatives prepared by this technique exhibit amphipathic properties. The 
nanocomposite is obtained by mixing the oil phase with drug and finally distilling off 
the organic solvent by sonication. The solvent evaporation methodology has several 
advantages; it is preferred over spray drying, homogenization, etc., as it involves mild 
conditions like room temperature and stirring, without modifying the activity of drug. 
This style has been in vogue since the end of the 1970s and has been successfully used 
for preparing microspheres derived from many biocompatible polymers, for example, 
poly(D, L-lactide-co-glycolide) [44] and Eudragit [45]. These nanocomposites have 
a spherical shape and smooth surface. 

3.3.7 Chitosan Solution Coating 

In this technique, existing nanoparticles are added to a chitosan solution concentra-
tion. Chitosan encapsulates the nanoparticle owing to the presence of lone electrons 
in its structure and adhesiveness of chitosan. The resulting nanocomposites have a 
good shape, with size in between 75 and 85 nm. The nanoparticles are efficient in 
precision targeting and drug release. 

3.3.8 Self-Assembly 

Chitosan-based nanocomposites can be prepared by self-assembly, which is exten-
sively used and is based on numerous electrostatic, hydrophobic interactions,
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hydrogen bonding or van der Waals interactions between chitosan and various other 
ligands [46, 47]. Chitosan can form complexes along with natural anionic molecules 
like hyaluronic acid or alginic acid. Nanocomposites prepared by self-assembly are 
conducive for carrying both hydrophilic and lipophilic drugs [47] (Table 3.2). 

Table 3.2 Techniques involved in preparation of chitosan-based bionanocomposites [48] 

Technique Principle Advantages Disadvantages 

Emulsion 
crosslinking 

Covalent crosslinking Uncomplicated 
procedure 

Toxicity of 
crosslinking agents 

Microemulsion 
method 

Covalent crosslinking Resulting 
nanocomposites are 
ultrafine, size below 
100 nm 

Complex procedure, 
toxic crosslinking 
agents, 
time-consuming 
process 

Ionic gelation Ionic crosslinking No toxic chemicals 
used, simple 
procedure, flexibility 
in adjustment of 
nanocomposite size 

Spray drying Atomization Rapid and simple 
procedure, no 
additional 
separation/drying step 

Particle size large, 
inappropriate for use 
with temperature 
labile substances 

Phase inversion 
precipitation 

Precipitation Efficient encapsulation 
ability with specific 
compounds 

Needs shear strength 
and toxic chemicals 

Emulsion–droplet 
coalescence 

Precipitation Needs shear strength 
and toxic chemicals 

Solvent 
evaporation 

Vaporization Requires mild 
conditions like room 
temperature and 
continuous stirring, 
without modifying the 
activity of drug 

Chitosan solution 
coating 

Adhesive property of 
chitosan through lone pair 
of electrons 

Nanocomposites have 
a smooth surface and 
shape, size 
appropriately between 
75 and 85 nm, efficient 
in precision targeting 
and drug release 

Self-assembly Electrostatic/hydrophobic 
interactions; hydrogen 
bonds/van der Waal’s 
forces 

Nanocomposites are 
highly stable, mild 
chemicals are used, 
flexible procedure 

Difficult to regulate 
when executed at 
large scale
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3.4 Biomedical Applications 

In chitosan, reactive amino and hydroxyl functional groups provide considerable 
opportunities in several biomedical applications. Wide research has been conducted 
on chitosan-based nanocomposites and their applications in pharmaceutics and 
medicine. Use of chitosan-based nanocomposites is continuously growing in fields 
like medicine, tissue engineering, pharmaceutical research, biotechnology, wound 
dressing, as biosensors, in medical implants and for drug and vaccine delivery 
(Fig. 3.3). 

3.4.1 Drug Delivery 

Chitosan is biocompatible and readily encapsulates and grafts drugs and many active 
ligands. It prevents enzymatic lysis of drugs [49], and minimizes damage to normal 
tissues [50], making it a great asset in delivery of drugs and imaging in cancer thera-
nostics [51]. Another advantage is the gradual degradation of chitosan nanocompos-
ites, which ensures regulated and sustained release of drugs [52]. The high positive 
charge on surface gives stability to nanocomposites, which are capable of carrying 
many substances [53].

Fig. 3.3 Various biomedical 
applications of chitosan 
nanocomposites 
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3.4.2 Anti-Neoplastic Drug Delivery 

Doxorubicin is frequently used in cancer therapy but is responsible for many adverse 
effects like cardiovascular toxicity. This can be prevented by encapsulation of the 
drug within chitosan nanocomposites. The nanocomposites are capable of reducing 
doxorubicin absorption in the entire small intestines [54]. This nanocomposite 
enhances survival of free drugs or their conjugates and also reduces adverse effects 
of drugs [54]. Chitosan tripolyphosphate (TPP) nanocomposites exhibit mucoadher-
ence, aiding in retention of drugs on mucosa. An investigation exhibits that 46% 
chitosan/TPP nanocomposites are maintained in colon of rats after an incubation of 
2 h at 37 °C, increasing the mucoadhesion of doxorubicin from 1.88% to 38.74% 
[55]. In another study on 5-fluorouracil carrying chitosan nanocomposites, a reduc-
tion in HT29 (human colorectal adenocarcinoma) and PC-3 (human prostate-3) cell 
proliferation was observed, restrained adhesivity to human umbilical vein endothe-
lial cells was also confirmed [56]. Paclitaxel, a chemotherapeutic drug, is referred 
for non-small cell lung cancer at later stages of malignancy. Nanocomposites aggre-
gate within the cell, enhance blood flow, resulting in enhanced drug trapping by 
pulmonary capillaries. Additionally, the authors observed that in acidic tumour envi-
ronment, nanocomposites encapsulating paclitaxel interact strongly with negative 
charge on tumour cells [57]. Drug resistance in cancer therapy has resulted in failure 
of the existing chemotherapeutic methods [58]. A group of researchers developed 
folate-modified chitosan nanocomposites loaded with curcumin for breast cancer 
treatment [59]. In another study, chitosan ascorbate nanocomposites were used for 
inhibiting cervical cancer. The authors concluded that these nanocomposites decrease 
potentiality of malignant cells with no effect on normal cells [60]. Glycol-chitosan-
based nanocomposites deliver drugs with great efficacy via permeability and reten-
tion effect [61]. Cisplatin was delivered by epidermal growth factor receptor-targeted 
chitosan nanocomposites for treatment of cisplatin-resistant lung cancer models [62]. 
Interferon-alpha-2b-loaded chitosan nanocomposites were employed for oral drug 
delivery in viral infections and few cancer types [63]. 

3.4.3 Protein and Peptide Drug Delivery 

Proteolytic enzymes of the gastrointestinal tract can easily hydrolyse protein-based 
drugs, but when encapsulated by chitosan nanocomposites, these drugs are not 
hydrolysed, enhancing their stability. These nanocomposites enhance biodegradation 
of proteins, regulate release of drugs and improve diffusion of hydrophilic ligands 
through the epithelium. Currently, chitosan nanocomposites are being studied for 
their action with drugs in the stomach [64]. Chitosan nanocomposites loaded with 
insulin are prepared by crosslinking and membrane emulsification. The resulting 
nanocomposites are highly efficient in trapping drugs, steady insulin release and 
stability [65]. Chitosan and poly (ethylene glycol) dialdehyde were crosslinked
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forming a hydrogel, which facilitates release of protein. Hence, these nanocom-
posites are promising carriers for release of proteins and many large molecules are 
employed for use as oral drugs [66]. 

3.4.4 Gene Delivery 

Chitosan forms a polyelectrolyte complex with negatively charged DNA, hence 
preventing degradation by nucleases. This enhances retention time of DNA in 
gastrointestinal tract and improves the process of transfection [67, 68]. Transfection is 
introduction of a foreign plasmid DNA into a target cell. Chitosan can enhance endo-
cytosis and increase the immune response [69]. Chitosan nanocomposites enclosing 
plasmid DNA are synthesized by a complex coagulation process. Effective encapsu-
lation and expression of the plasmid DNA was reported by a few in vivo studies [70]. 
This encapsulation of plasmids enhances regulation and expression of genes encoding 
interleukine-2 (IL-2), which have been researched for immune therapy based on 
genes. Plasmid remains unaltered after entrapment within the chitosan nanocom-
posite. In vitro studies confirm that IL-2 secreting cells are affected by molecular 
weight and mass of chitosan nanocomposites [71]. In another study, two DNA plas-
mids, pGL2 and pMK3, when entrapped within chitosan nanocomposites, exhibited 
no change in their function and structure [72]. In the process of gene delivery, plasmid 
DNA enters the target cells, followed by transcription and translation of genetic infor-
mation into compatible protein. There are many hurdles in the process. Viruses can 
aid in delivery of genes but due to safety considerations, vectors other than viruses are 
preferred [73]. In a study by Li et al., quaternary chitosan was prepared by modifying 
quaternary ammonium group to enhance the solubility and DNA-bearing ability of 
chitosan [74]. In another study, miR-34a (endogenous tumour-suppressive molecule) 
and doxorubicin packed hyaluronic acid-chitosan nanocomposites were prepared by 
the ionotropic gelation technique, for the treatment of breast cancer, which exhib-
ited promising results [75]. Chitosan and polyethylene glycol-grafted nanocompos-
ites packed with anti-β-catenin siRNA were developed for transfection in malignant 
colon cells. The researchers confirmed successful entry of these nanocomposites into 
colon cells and reduced protein concentrations, were observed through western blot 
analysis, which restricts tumour progression [76]. 

3.4.5 Antibiotic Delivery 

Antibiotic gentamicin encapsulated within a chitosan nanocomposite has antimicro-
bial and antioxidant characteristics and is employed for pulmonary delivery of the 
drug [77]. Fucoidan is a sulphated polysaccharide extracted from a seaweed Asco-
phyllum nodosum, which has antioxidant properties and removes the active oxygen 
species produced by gentamicin [78]. In this study, gentamicin and fucoidan were
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encapsulated within chitosan and delivery and release of drugs was observed. These 
chitosan-based nanocomposites increased antimicrobial activities. 

3.4.6 Polyphenol Delivery 

Polyphenols in diet exhibit wide therapeutic applications like antioxidant activi-
ties, anti-inflammatory properties, prevention of cardiovascular diseases, cancer and 
neurodegenerative diseases like Alzheimer’s, though gradual assimilation and imper-
fect bioavailability restricts their oral administration [79]. To overcome this limita-
tion, polyphenols derived from tea were encapsulated into chitosan nanocomposites 
as oral therapeutic agents [80]. This enhanced the stability of polyphenols and acted 
as a deterrent against degradation or oxidation by enzymes in the gastrointestinal 
tract. Encapsulation facilitated uptake of polyphenols by epithelial cells through 
the process of endocytosis. Rosmarinic acid-packed chitosan nanocomposites are 
prepared by ionic gelation for ocular use. In a study on retinal pigment epithelium 
(ARPE-19) and human corneal (HCE-T) cell lines, no cytotoxicity was induced by 
chitosan-rosmarinic acid composites. Enhanced penetration of rosmarinic acid was 
seen in combination with nanocomposites as compared to free solution [81]. 

3.4.7 Brain Drug Delivery 

Efficient drug delivery to the brain is obstructed by the blood–brain barrier (BBB). 
Therapeutics can be delivered to the brain by the following three strategies [82]: (i) 
the BBB is bypassed through drug-encased ligands positioned in the tumour cavity 
during the course of surgical resection, administration of drugs is carried out through 
the nasal route and intradermal facial injection; (ii) surfactants and hyperosmotic 
inducers, polypeptides permeating the cell membrane and magnetic nanoparticles 
which cause hyperthermia cross the BBB with ease and (iii) increased non-invasive 
neural entry of drugs by employing internal transporters and receptors. The olfac-
tory route to the brain facilitates drug targeting and decreases systemic adverse 
effects [83]. Chitosan nanocomposites packed with rivastigmine are used for brain 
targeting [83]. Alzheimer’s disease requires rivastigmine therapy. The hydrophilic 
character decreases bioavailability and restricts its entry into the brain, necessitating 
persistent dosing, which causes adverse effects like nausea, dyspepsia, anorexia 
and bradycardia [84]. The maximum tolerated dose of drugs loaded on nanocom-
posites increases by 10%. Amnesia induced by scopolamine can be reversed by 
drug encapsulated nanoparticles, making them a potent therapeutic agent for preci-
sion drug delivery to the brain [83]. The antibodies-encased chitosan nanocom-
posites can permeate the BBB and impart neuroprotection. Receptors of trans-
ferrin recognize chitosan nanocomposites conjugated with antibodies. In a study 
on hCMEC/D3 cells (an in vitro BBB model), TfRmAb-chitosan nanocomposites
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conjugated with increased affinity to the hCMEC/D3 cells, exhibiting enhanced 
endocytosis and cytotoxicity. The encapsulation of nanocomposites by antibodies 
effectively crossed the BBB through macropinocytic and receptor-mediated endo-
cytosis [85]. A few chitosan-based nanocomposites have the efficiency to enhance 
adequate neural intake of drugs, arresting apoptosis in the process. Chitosan-based 
nanospheres with OX26 monoclonal antibody and poly(ethylene glycol) recognize 
transferrin receptor (TfR) and induce receptor-mediated transfer through the BBB. 
In a study on rodents, the nanocomposites were fluorescently labelled and intra-
venously administered. Nanoparticles were accepted by the neural tissue, external 
to the intravascular region [86]. Chitosan nanocomposites can also be packed with 
thymoquinone [87], intranasal route of administration was followed by enhanced 
accumulation of drugs within the brain in comparison to the drug given intravenously. 
Olanzapine conjugated with chitosan nanocomposites is highly efficient for treating 
depression and schizophrenia [88, 89]. Donepezil, which is used to treat Alzheimer, 
is more effective in combination with chitosan nanocomposites [90]. In epilepsy, 
the BBB permeation of the drug is hindered by multiple drug resistance transporter 
and P-glycoprotein, thereby causing obstruction in therapy. Hence to increase ther-
apeutic efficacy of drugs like carbamazepine, it was combined with carboxymethyl 
chitosan nanocomposites. Some properties of nanoparticles like the size, charge and 
surface characteristics play a significant role in the neural uptake and assimilation of 
the drug. Nanocomposites enhance permeability of drug across the BBB by relaxing 
junctions linking endothelial cells. Nanocomposites enveloped by surfactants have 
a higher efficiency to deliver drugs with precision, as they reduce uptake by retic-
uloendothelial system [91]. A variety of receptors on the BBB like transferrin and 
lipoprotein receptors are overexpressed. These receptors bind with nanoparticles to 
facilitate absorption into the BBB [92]. 

3.4.8 Vaccine Delivery 

Chitosan has unique characteristics of mucoadhesion and osmosis, which facili-
tate adsorption and transfer of polypeptides across the nasal epithelial lining [93]. 
Many investigations reveal that chitosan helps macromolecules to cross mucosal 
barrier to connect with the nasal tissue [77]. Chitosan-based nanocomposites signif-
icantly enhance systemic and local immune responses to nasal diphtheria vaccine, 
as observed in mice [94]. Oral delivery of chitosan nanocomposites modified with 
glucomannan was recently studied in mice via both in vivo and in vitro tests. In 
this study, the lyophilized nanoparticles sustained biological activity exhibited by 
mediators and obstructed antigens. These nanocomposites significantly enhanced 
the immune responses by mucosal (secretory IgA), systemic (serum IgG), and cell-
mediated (IL-2 and IFN-) pathways [95]. In another research, IgA-based chitosan and 
dextran sulphate nanocomposites were loaded with pertussis toxin. Both in vitro and 
in vivo investigations revealed that absorption of these nanocomposites occurs across
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the nasal epithelium followed by intranasal immunization [96]. In another investiga-
tion, N-2-hydroxypropyl trimethyl ammonium chloride chitosan (N-2-HACC) and 
N,O-carboxymethyl chitosan (CMC) nanocomposites were prepared to be used as a 
carrier and adjuvant for vaccine antigens against Newcastle disease and infectious 
bronchitis in chicken. The above chitosan-based nanocomposites induce a signifi-
cantly improved immune response through better intranasal induction of IgG and IgA 
antibodies, along with enhanced generation of lymphocytes [96]. Chitosan nanocom-
posites with plasmid DNA increase antigen-specific immune responses [97]. A few 
investigations have studied action of intranasal DNA vaccines. Furthermore, T-cells 
which release IFN were observed in lungs, and CD8+ and CD4+ T-cells induced 
specific immune responses to facilitate synthesis of a DNA carrier in combina-
tion with polyethyleneimine, resulting in an improved metastatic rate of genes by 
1000-fold [98]. 

3.4.9 Antimicrobial Activities 

The antimicrobial features of chitosan and its nanocomposites depend on the molec-
ular weight, pH, degree of deacetylation and the cellular functions. Various warm-
blooded species are prone to infection by parasites (ticks and mites). Chitosan and 
nanocomposites are very effective against these, and also against many bacteria 
and fungi. Chitosan-based nanocomposites form a water-insoluble film on surfaces, 
which prolongs the presence of chitosan and enhances the antimicrobial action. 
Chitosan nanocomposites make use of their antimicrobial activity and prevent infec-
tion in cattle undergoing transition from lactation to drying phase. This not only 
prevents pathogenic intrusion into milk, but also enhances degradation of pathogen 
in breast. The chitosan hydrogel induces immune response, which controls the spread 
of active infection [99]. The phosphoryl group on chitosan interacts with lipopolysac-
charide on the bacterial surface to induce an antimicrobial effect. This facilitates 
prevention of pulmonary infections. Rifampicin-loaded chitosan nanocomposites 
safely release the drug without inducing toxicity to healthy organs/cells. In vivo 
research confirms that chitosan nanocomposites enhance the retention time of drug 
and result in its gradual clearance [100]. 

3.4.10 Wound Dressings 

Chitosan-based nanocomposites are antimicrobial, have low immunogenicity and 
have biodegradable and biocompatible properties, hence they facilitate wound 
healing [101]. They aid growth of a three-dimensional tissue matrix, trigger activity 
of macrophages and activate cellular proliferation [102]. Figure 3.4 represents the
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role of chitosan in wound healing mechanism. Chitosan stimulates polymorphonu-
clear leukocytes, fibroblasts and macrophages that promote granulation and orga-
nization of repaired tissues [103], which will gradually degrade into N-acetyl-β-D-
glucosamine, stimulating fibroblast growth. Chitosan hastens the process of healing 
and prevents scar formation [104]. A recent innovation in use of chitosan-based 
bionanocomposites for wound healing has been in development of nanofibers and 
evolution of adhesive-based chitosan. The electrospun chitosan nanofibrous mats are 
porous with a high tensile strength and surface area, along with perfect rate of vapour 
and oxygen transmission. They are also compatible with stem cells derived from 
adipose, which aid in wound healing [105]. The adhesive-based dressing is appli-
cable in post-surgical wound healing. Many clinical studies have exhibited positive 
results in patients of plastic surgery after using chitosan-based nanocomposites for 
healing [106]. Favourable effects were also observed in patients after skin grafting 
[107] and sinus surgery through endoscopy [108]. Currently, many types of chitosan-
based wound dressings are available as nanofibers, non-woven mats, composites, 
sponges and films. 

Chitosan-based carboxyl-modified poly(vinyl alcohol) hydrogels, prepared by 
amide crosslinking, facilitate presence of moisture over the wound. Another 
crosslinked hydrogel film combined with gentamicin sulphate exhibited precise 
and uninterrupted release of drugs, along with efficient control of bacterial growth 
to block infection at the site of trauma [109]. Chitosan-based nanocomposite 
enveloped by curcumin is employed for wound healing, as it removes 1,1-diphenyl-
2-picrylhydrazyl and superoxide free radical. Curcumin-encapsulated composite 
exhibits significantly improved antibacterial action against Staphylococcus aureus 
[110].

Fig. 3.4 Role of chitosan-based nanocomposites in wound healing 
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3.4.11 Tissue/Bone Regeneration 

Tissue engineering is amalgamation of cells, materials and biochemical factors 
for amelioration or restoration of biological activities. It is extensively applied in 
repair or replacement of tissues like bone, cartilage, skin, muscle, blood vessels and 
bladder. Recently chitosan-based nanocomposites are leveraged for developing and 
progressing tissue engineering, which provides mechanical and structural strength 
for improvement of tissue functioning [111]. Chitosan nanocomposites expedite acti-
vation of pronuclear leukocytes and macrophage fibroblasts to augment granulation 
and tissue repair [103]. Gradual breakdown of N-acetyl-β-D-glucosamine enhances 
generation of fibroblasts, which causes collagen to precipitate synthesis of hyaluronic 
acid at the site of trauma, enhancing wound healing and checking formation of 
scars [104]. Glutaraldehyde lyophilized and crosslinked with chitosan sponge was 
employed for blood haemostasis [112]. Another chitosan-based nanocomposite with 
tricalcium phosphate is employed as a substitute for bone and as a scaffold in tissue 
engineering to enhance efficiency of bone formation. These nanocomposites have 
the ability to function as a bone substitute, fill up defective sites, enhance release of 
drugs and act as a scaffold for osteoblast cell culture [113]. 

3.5 Transpiring Trends and Conclusion 

Chitosan and derivatives can be employed as carriers of nanomaterials for thera-
peutic delivery and have multiple biomedical applications, like precision delivery 
of drugs, vaccine delivery, antitumor and antimicrobial activity, wound healing, 
tissue engineering, etc. They also enhance the therapeutic efficiency of drugs and 
are degraded at a reasonable pace and prevent inflammation or formation of toxic 
products during formation of new tissue. Characteristics of chitosan-based nanocom-
posites are used as scaffolds during tissue engineering. Chitosan nanocomposites are 
employed as haemolytic agents for wound dressing. Their antibacterial properties 
enhance healing of wounds via regeneration and re-epithelialization of the gran-
ular layer in wounds. Their porous character facilitates diffusion of gases, metabolic 
waste and nutrients, which increases surface area for cellular migration, differenti-
ation and attachment. Chitosan nanocomposites are efficient in ocular delivery of 
drugs owing to their tendency to form gels and mucoadhesive properties. They carry 
positive charge, which facilitates pulmonary delivery of drugs. Chitosan enhances 
drug permeability, thereby increasing prospects of nasal delivery. Mucosal drug 
delivery is facilitated by absorption of hydrophilic moieties. Chitosan nanocompos-
ites have a significant application in vaccine delivery. They are successfully employed 
as a chemotherapeutic agent in malignancy. The antineoplastic activity of chitosan 
derivatives is attributed to generation of cytokines via increased proliferation of 
T-cells. Other investigations showed that chitosan nanocomposites inhibit MMP-9
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and induce pro-apoptotic factors against malignant tissue. Physiochemical proper-
ties of chitosan nanocomposites are biodegradability, biocompatibility, mucoadhe-
sivity, absorption enhancing property and in situ gelling characteristics. Chitosan and 
derivatives are considered safe for treatment of obesity; however, further research 
needs to be conducted to test the efficacy of chitosan treatment in obesity. Quaternized 
chitosan introduces a permanent positive charge on the hydroxyl or amino groups 
of polymers and intensifies antimicrobial activity across a wide pH scale. Further-
more, the quaternized chitosan is employed in orthopaedic and dental implants by 
forming an antimicrobial coating and is also used in surgeries as a material for 
antimicrobial wound dressing. Chitosan and nanocomposites are widely accepted 
as promising therapeutic agents in various biomedical applications. However, an 
elaborate scrutiny needs to be conducted, based on the toxic effects induced and the 
techniques employed for their preparation. Likewise, extensive investigations should 
be conducted on innovative use of chitosan and derivatives. The relationship between 
structure and activity of chitosan and derivatives requires further investigation and 
more clinical trials need to be conducted. 
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Chapter 4 
Biomedical Applications 
of Chitosan-Based Nanostructured 
Composite Materials 

Chirâa El Idrissi El Hassani, Hamza Daoudi, Mounir El Achaby, 
and Zineb Kassab 

Abstract Chitosan is a natural polysaccharide that has demonstrated distinct char-
acteristics for many applications, especially in the biomedical field. This natural 
polymer offers a variety of properties such as biocompatibility, biodegradability, 
and non-toxicity, as well as its antibacterial activity and low immunogenicity. Having 
various active groups, the structure of chitosan may be easily modified by its combi-
nation with various nanostructured materials imbibing it with new characteristics 
that can meet the growing demands of regenerative medicine, to overcome the prob-
lems requiring the development of biodegradable and biocompatible nanocompos-
ites. Moreover, chitosan-based nanostructured composites, with improved physical 
and chemical characteristics, have attracted great attention from researchers in the 
different biomedical fields such as bone tissue engineering, drug delivery, wound 
healing, and biosensors, among others. This chapter sheds light on recent research 
scenario on the different aspects of chitosan-based nanostructured materials, their 
preparation, their characterization, and their effective utilization in the biomedical 
area. 

4.1 Introduction 

Several natural polymers are gaining interest from researchers in the biomedical 
area due to their exceptional qualities, high durability, and low cost, in order to 
address the expanding therapeutic demands [1, 2]. They have wide applications in 
pharmaceuticals, medicine, drug delivery, wound healing, gene delivery, and bone
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tissue engineering as well as others [3]. Chitosan, a natural polysaccharide, is the 
deacetylated form of chitin, consisting of β-(1 → 4)-2acetamido-D-glucose and β-(1 
→ 4)-2-amino-D-glucose units [4]. Chitosan is one of the most versatile polysac-
charides, which holds importance in pharmaceuticals and therapeutics due to the 
presence of outstanding properties such as biodegradability, low toxicity, biocom-
patibility, antibacterial and antifungal activities [5, 6]. Moreover, human tissues can 
absorb a harmless amino sugar produced after the degradation of chitosan. Accord-
ingly, most of these properties make it a promising candidate for various biomedical 
practices, such as drug delivery carrier and tissue engineering, etc. [7, 8]. According 
to the literature, chitosan could help improve the body’s immunity, lower choles-
terol levels, and inhibit fat absorption [9]. The reactive functional groups (-OH) 
and (-NH2) present in the backbone of chitosan allow it to be adapted physically 
or chemically, to create scaffolds with characteristics suitable for medicinal appli-
cations [7, 10]. Nevertheless, because of the accumulation of degradation products, 
the risk of infection, and low mechanical properties, these materials do not match 
the standards of biomedical engineering. Chitosan has challenges due to its poor 
functional efficacy and limited water solubility while possessing several beneficial 
qualities [1, 9]. Researchers have developed composites to overcome the problems 
mentioned above by combining biopolymers with appropriate nanofillers or inor-
ganic materials with desirable properties [7]. By modifying the structure of chitosan, 
a wide variety of unique bio-scaffold materials could be created. With the advance in 
nanotechnology, chitosan can be combined with various nanostructures, added into 
the bulk material, or deposited on the surface, to develop chitosan-based nanocom-
posites with improved thermal, mechanical and barrier properties [6, 11]. Chitosan-
based nanocomposites continued to generate considerable interest especially due to 
their distinctive physicochemical and biological properties. These nanoscale biocom-
posites of chitosan present stronger and more stable nanocomposite materials [12]. 
Chitosan-based nanocomposites are non-toxic and have a good affinity to proteins. 
Due to their remarkable non-toxicity, biocompatibility and biological activity, these 
nanostructured composites have attracted immense interest in the biological sciences. 
They are widely used as therapeutic care, and they are also being used in biomedical 
fields as biomaterials for drug delivery systems, tissue engineering, wound healing 
among others [13]. 

This chapter aims to emphasize the different functional aspects of the chitosan 
biopolymer combined with nanostructured materials in various functional forms to 
have chitosan-based nanostructured composites with new functional characteristics 
and properties, as well as to spot the different interesting practices in biomedical 
applications in which they have been used over the last decade. Moreover, this book 
chapter’s first section contains comprehensive information about chitosan chem-
istry, describing its structure, physical, and antibacterial properties, the second part 
discusses the chitosan-based nanostructured composites, their preparation, modifi-
cation, and characterization. The final part focuses on the potential applications of 
these nanostructured composites in the biomedical field, the conclusion, and future 
perspectives.
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4.2 Chemical Structure, Physical and Antibacterial 
Properties of Chitosan 

Chitin is the most prevalent biosourced polymer (β-(1–4)-poly-N-acetyl-D-
glucosamine); it is present in the exoskeletons of shrimp, crabs, insect cuticles, and 
fungal cell walls [14]. Chitin is hydrolyzed chemically or enzymatically to produce 
its deacetylated derivative, chitosan, which is used in biomedical applications [15]. 
A copolymer with less crystallinity and has a molecular weight (MW) of essentially 
100 Kilodalton (kDa) than chitin, chitosan is made of -1,4-linked 2-amino-2-deoxy-
D-glucose and N-acetyl-D-glucosamine groups. Its structure is like that of cellulose, 
with the exception that chitosan consists of amino units (-NH2) in place of cellulose’s 
hydroxyl group (-OH) at position C2 [16, 17]. Scientists have thoroughly investigated 
the chitosan system’s origin, composition, structure, and physicochemical proper-
ties. Chitosan and its derivatives have found usage in the food sector among other 
industries because of their unique properties [18, 19], cosmetics [20], agriculture 
[21], and biomedicine [22]. Figure 4.1 depicts the chemical structure of chitosan and 
its biological characteristics. 

4.2.1 Physicochemical Properties of Chitosan 

Chitin and chitosan are heteropolymers, unlike cellulose, which is a homopolymer 
for comparison. For chitin and chitosan, neither their orientation is intended to be 
inferred. The principal physicochemical properties of the chitosan material are on the 
basis of the substance, the degree of N-deacetylation, the molecular weight, and the 
solvent and solution properties. Therefore, in the subsequent sections, we will discuss 
regarding the four characteristics of the chitosan.

Fig. 4.1 Chitosan’s 
chemical composition and its 
different sources and 
properties 
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4.2.1.1 Degree of N-Acetylation 

The degree of N-acetylation in chitosan, for instance, the ratio of 2-acetamido-2-
deoxy-d-glucopyranose to 2-amino-2-deoxy-d-glucopyranose structural parts, is a 
crucial characteristic to pay particular attention for characterization of chitosan [23]. 
This ratio significantly impacts the solubility and solution characteristics of chitosan. 
Meanwhile, N-deacetylated offshoot of chitin that is commonly recognized as being 
non-toxic and soluble in diluted aqueous formic and acetic acids is called chitosan. 
The majority of the units in chitin are acetylated, with an average acetylation level of 
0.90 [24, 25]. The N-deacetylated from chitin, chitosan, generally has a deacetylating 
grade significantly lower to 0.35 and can be fully or partially deacetylated [26, 27]. 

4.2.1.2 Molecular Weight 

Whereas conventionally, the HPLC is employed to define the Mw distributions of 
chitosan, light scattering has allowed for the identification of the average molecular 
weight, Mw of chitosan [28]. The Mark-Houwink equation’s constants and K have 
been calculated in 1/10 M CH3COOH and 1/5 M NaCl solution by the quick and 
easy technique of viscometry [29]. The inherent viscosity is defined as follows: [η] 
= KMα = 1.81 × 10−3 M0.93 

Due to chitosan’s charged nature in acidic solvents, in addition to its propensity 
to form clustering multiplexes, using these constants requires care. 

4.2.1.3 Crystallinity 

Chitosan’s crystallinity is determined by how much of a biopolymer is crystalline and 
how much is amorphous. This feature is measured as a crystallinity index (CrI) based 
on the relationship between the distinctive X-ray diffraction peaks (XRD). Chitosan 
is a polymorphic biopolymer, semi-crystalline that is solid at room temperature. 
Its orthorhombic crystal system cell has two alternatively spliced chains without any 
hydroxyl groups. In addition, chitosan exists in three polymorphic phases in conjunc-
tion with variable degrees of crystallinity, centered on the variety and configuration of 
the chains [30]. Chitosan used for commercial purposes is a semi-crystalline polymer, 
and CrI depends on how much of it has been deacetylated. Additionally, because 
these characteristic impacts swelling, porosity, hydration, and absorption qualities, 
the quantitative evaluation of CrI are crucial. According to Thakhiew et al., different 
drying techniques impact chitosan films’ mechanical and physical characteristic [31]. 
They employed low-pressure steam drying (LPSSD) and hot air drying (HAD). They 
discovered that CrI values for LPSSD films are lower (3–5%) than those for HAD 
films (10–16 percent). The swelling degree was increased as a result to 48–100 
percent (LSSPD) and 75–110 percent of HAD [31, 32].
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4.2.1.4 Solubility 

Chitin like cellulose, there are only a few solvents that can be used as reaction 
solvents, and materials that are very crystalline and difficult to work with. Chitosan 
breaks down before melting, which is characteristic of polysaccharides with a lot 
of hydrogen bonds [33]. In order to impart functionality, it is important to dissolve 
chitin and chitosan in a suitable solvent. The effects of polymer content, counterion 
concentration, pH, and temperature on the solvent viscosity must be recognized for 
each solvent system. There are no data that compare one solvent to another [34]. 
The most polymer possible is typically dissolved in each solvent solution to create a 
homogenous liquid. The polymer is then recreated in the necessary form. For polymer 
regeneration or solidification, a coagulant is necessary. The parameters of the solvent, 
solution, and polymer utilized have a significant impact on the coagulant’s nature. 

4.2.2 Antibacterial Properties 

Chitosan has many biological effects that make it a potential therapeutic polymer. 
These effects include antitumoral, antibacterial, antioxidant, and anti-inflammatory 
effects. It is amazing that regulatory organizations only approve chitosan and chitosan 
hydrochloride as excipients, not as drugs for treating illnesses. Finding antibiotic 
alternatives is urgent because bacterial antibiotic resistance remains a serious public 
health issue. Antimicrobial action is produced by chitosan, chitosan derivatives, 
and chitooligosaccharides against various types of yeast, filamentous fungus, and 
bacteria, or generally talking microorganisms [35, 36]. Bacteria can grow after the 
polymer has been removed from the medium, suggesting that chitosan has a growth-
inhibitory effect. This is crucial because resistant populations might develop if the 
cells acclimate to the chitosan. 

The method by which chitosan employs its antibacterial action is still up for debate. 
This phenomenon may be explained by considering the dearth of suitable polymer 
characterization, problems with purity, the employment of various microorganisms, 
and the absence of standard methodology [37]. According to several research, the 
polymer coating on the cell surface reduces the permeability of their cell membranes, 
preventing the cells from accessing nutrients [38]. This reaction occurs due to the 
contact between -NH2 groups from chitosan chains and -COO- groups on microor-
ganisms’ outer cell membranes. As a result, the level of acetylation determines the 
antibacterial activity. According to another theory, Chitosan may enter cells and 
prevent RNA transcription because of adsorption with bacterial deoxyribonucleic 
acid (DNA) [36]. These processes are probably not reciprocally limited, and multiple 
actions are connected to the suppression of cell development. The following Table 
4.1 displays some instances of the bacterial strains that are sensitive to chitosan:
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Table 4.1 Chitosan’s capacity to inhibit microorganisms 

Chitosan Precursor Affected bacterial System References 

Chitosan Hydrophilic Aeromonas 
Aspergillus ictalurid 
Columnar Flavobacterium 
Albicans Candida 
Gram-positive microorganisms 
Gram-negative microorganisms 

[39, 40] 

Chitosan 
Sponges 

S. aureus 
E. coli 

[41, 42] 

Chitosan 
wound dressing 

P. aeruginosa 
B. cereus 
L. monocytogenes 

[43, 44] 

Nano- and microparticles of 
chitosan 

Vibrio cholerae, E. coli, and S. enterica 
Enteric Streptococcus uberis S. uberis 
B. pneumoniae 
S. cholerae V. aureus 
Salmonella typhimurium and choleraesuis 

[37, 45, 46] 

Chlorhydrate of chitosan 
Chitosan carboxymethyl 
Oligosaccharide of chitosan 
N-acetyl-D-glucosamine 

Candida glabrata, C. albicans, Candida 
krusei 

[47] 

4.3 Chitosan-Based Nanostructured Composite 
Preparation 

Nanofillers with dimensions under 100 nm can be added to the biopolymers, to form 
“nano-biocomposites”, the same as chitosan, to produce materials with enhanced 
characteristics that are primarily employed in biomedical applications. A powerful 
method of overcoming the typical limitations of biopolymers has been the inclusion 
of nanomaterials integrated into the chitosan matrix. The nanocomposites made of 
chitosan have the potential to be used in a variety of industries, notably the biomedical 
ones. Measure up to traditional composites containing 40–50% conventional fillers, 
chitosan-based nanocomposites exhibit or reveal a substantial increase in properties 
even at relatively low nanofillers weight amounts like 5–10 wt.% [48]. In compos-
ites with high chitosan content, the resulting products exhibit strong bioactivity 
and biocompatibility. Some additional characteristics are better thermal stability, 
transparency, enhanced mechanical, and barrier quality [48]. 

According to their shape and aspect ratio, there are typically three different types 
of nanofillers. The aspect ratio refers to the ratio of particle length to thickness, 
which enhances the characteristics of composite materials. Layered or platelet parti-
cles (nanoplate), spherical particles (nanoparticle), and fibrous ones (nanofiber) are 
the existing types of these nanofillers; Fig. 4.2 shows the creation of chitosan-based
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Fig. 4.2 Chitosan based bio-nanocomposites employing different types of nanofillers 

bio-nanocomposites using different types of nanofillers. Because they provided a 
non-toxic, biocompatible, stable, target-specific, and biodegradable delivery system, 
chitosan nanocomposites were crucial in various industries [36]. Similar to nanocom-
posites, target-specific diagnostic applications are receiving a lot of interest due to 
their ease of formulation through the introduction of medicinal agents and imaging 
agents, which are recognized and designate a significant community concern world-
wide. Owing to their unique size-dependent electrical, magnetic, and optical capabil-
ities, some nanoparticles have drawn considerable interest, especially in therapeutic 
diagnostics, cancer imaging and treatment. The targeted cure becomes a crucial step, 
particularly in cancer treatment, as it helps in advance imaging- and therapy-based 
anti-cancer therapies. 

4.3.1 Techniques and Methods of Chitosan Nanocomposites 
Preparation 

The preparation procedures for the chitosan-based nanocomposites are given in the 
following typical approaches.
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Fig. 4.3 Chitosan nanostructures and their preparation methods 

4.3.1.1 Solution Casting Technique 

The most straightforward approach for creating chitosan nanocomposites is solution 
casting, as depicted in Fig. 4.3a. There are three steps in this approach for creating 
nanocomposites. Initially, mechanical agitation or sonication dissolves or distribute 
the fillers in a suitable solvent. Later, the polymer is melted in a related solvent. 
Finally, the polymer and filler solutions are combined at the proper temperature. 
Nanocomposites are created when this combination is cast or precipitated. Using a 
solution-casting method, Regiel-Futyra and his research group created chitosan-gold 
nanocomposites in 2015 [49]. 

4.3.1.2 Electrospinning Technique 

Superior and fragile fibers may be created using electrospinning, with diameters 
reaching down to tens of nanometers. Figure 4.3b illustrates that electrospinning 
instruments consist of three basic parts: a grounded conductor that serves as a 
collector, a multi-needle holding spinneret, and a high-voltage electricity source. The 
electrospinning liquid is fed into a syringe at a predetermined pace controlled by the 
syringe pump. Immobilizing charge contents on the shell of a liquid droplet results 
in a continuous jet. Nanofibers are created when the fluid filament is whipped and 
stretched quickly. By strengthening chitin nanocrystals with this method, Naseri’s 
research group created fiber mats made of chitosan and polyethylene oxide [50].
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4.3.1.3 In-Situ Method 

As seen in Fig. 4.3c, the in-situ process is an efficient way to create nanocomposites 
with evenly distributed filler components. Taking part in this method, filler chemicals 
are spread across monomers whether a solvent is present. The curing ingredient is 
then added at the precise temperature needed for optimal polymerization. Hebeish’s 
research team used this method in 2014 to create nanocomposites based on chitosan. 
Silver ions were chemically reduced in implant copolymerization of acrylonitrile 
onto chitosan films to create poly acrylonitrile silver nanocomposites [51]. 

4.3.1.4 Freeze-Drying Technique 

A homogenous combination of polymer/filler solution is flowed into a copper mold, 
which is then quenched in nitrogen liquid to chill it to extremely low temperatures. 
The solvents are subsequently removed from the polymer scaffold via freeze-drying, 
as shown in Fig. 4.3d. The porosity of the constructed scaffold is 90%, with pore 
sizes ranging from 15 to 35 m. The use of these scaffolds in tissue engineering has 
skyrocketed. In 2013, Liu’s research team created a chitosan-based nanocomposite 
containing halloysite nanotubes by combining the freeze-drying and solution-casting 
techniques [52]. 

4.3.1.5 Additional Methods 

Since chitosan is still a polymer material derived from natural sources, it may be 
subjected to conventional polymer shaping techniques, including three dimensions 
(3D) printing, extrusion, injection molding, rotational molding, and thermoforming. 
Choo et al. and Amouzgar et al. effectively created extruded chitosan nanocom-
posites [53, 54]. They investigated the utilization of chitosan within nano-activated 
carbon in the first study, while halloysite nanotubes were the chosen nanofillers in 
the second. An extra ultrasonic dispersion was necessary for the extrusion procedure 
to be effective in both works. 

4.3.2 Nanofillers of the Chitosan-Based Nanostructured 
Composites 

As indicated in Table 4.2, various nanostructures, including nanoparticles, 
nanosheets, nanorods, nano-capsules, nanowires, and nanofibers, can be used and 
disseminated as additives in chitosan. These include inorganic, organic, metallic, 
and semiconducting nanostructures. In addition to being used as a pure bioma-
terial matrix, chitosan may now be combined with various nanostructures, either
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Table 4.2 Different 
nanoparticles used as fillers 
and reinforcements in 
chitosan nanocomposites 

Filler category Nanostructure 
system 

Size (nm) References 

Cellulose Nanocrystals 100 [55] 

Chitin Nanofibers 50–500 [56] 

Graphene Nanosheets <400 [57] 

Nanoclay Nanoparticles <100 [58] 

PVA Nanocapsules 113 [59] 

Silica Nanocapsules 6–50 [60] 

Metals and Metals 
oxide 

Nanoparticles 10–125 [61] 
[62] 
[63] 

incorporated in the bulk material or coated on the surface, thanks to advancements 
in nanotechnology. As pure single materials, biopolymers like chitosan may have 
significant limitations, weak mechanical strength, low barrier properties, and limited 
thermal stability. Inorganic and organic substances of nanoscale sizes have been 
added to chitosan to solve several of these structural faults, either as a filler distributed 
throughout the entire matrix or as a layer at the material surface. 

4.4 Chitosan-Based Nanostructured Composite 
Characterization 

Recent and significant efforts in the biomedical sphere are receiving growing atten-
tion due to all the application possibilities for chitosan nanocomposites attributable 
to their versatile properties and assets. The literature is concentrated chiefly on 
chitosan nanocomposites in tissue engineering, biomedical applications, and other 
industrial applications due to this material’s quality of adequation. The overall prop-
erties of the chitosan nanocomposites on the structural, morphological, chemical, 
and antibacterial attributes will therefore be the focus of the following sections. 

4.4.1 Microscopy-Based Analysis 

Because they directly affect the material’s ability to absorb fluids, the surface 
morphology of chitosan nanocomposite materials is crucial, particularly for wound 
dressings. For instance, Shao et al. produced freeze-dried chitosan sponges with 
embedded silver sulfadiazine nanoparticles as possible materials for wound dress-
ings [64]. Figure 4.4 depicts the surface morphology of various sponge preparations 
employing the Scanning Electron Microscope (SEM). Sponge’s open porous three-
dimensional network architecture and the homogeneous pore diameters are readily
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Fig. 4.4 The cross-section shows chitosan nanocomposite sponges reinforced with varying silver 
sulfadiazine nanoparticles. The witness chitosan is presented by (A), (A’), and the chitosan nanocom-
posites with filler quantities of 0.01 wt.%, 0.02 wt.%, 0.04 wt.%, 0.08 wt.%, and 0.12 wt.% are 
presented by (B), (B’), (C), (C’), (D), (D’), (E), (E’), and (F), (F’), respectively. Reproduced with 
permission from Elsevier [64] 

seen in the cross-sectional image. The nanocomposites demonstrated better cell 
survival of human embryonic kidney 293 cells coupled with higher swelling ratios, 
porosity, and antibacterial properties. The cell shape, however, abruptly changed 
when the nano-silver particle concentration was raised over 5%. This may be because 
of harmful repercussions, according to speculation. 

4.4.2 Biocompatibility Analysis 

Chitosan nanocomposites must be biocompatible to stimulate the resilience or 
stability of the material within the human body. Jiang et al. created spiral-
cylindrical nanocomposite scaffolds for bone regeneration applications using nano-
hydroxyapatite mixed with chitosan and cellulose [65]. The chitosan nanocom-
posite’s biocompatibility with medium was demonstrated by an in vitro tetrazolium-
based colorimetric assay that revealed there was no difference in cell proliferation 
between the control sample and nanocomposites after 5 days of culture. However, 
when 60 weight percent of nano-hydroxyapatite filler was added to the blends, there 
was an increase in cellular absorption and osteocalcin expression. Including the 
nanocomposite scaffolds significantly increased osseointegration, total intrusion of 
bone tissues, and NB formation compared to the control group in vivo was studied 
using New Zealand white rabbits. These characteristics could make it easier to repair 
and rebuild bone abnormalities quickly. Figure 4.5 displays the main conclusions 
drawn from X-ray images, 3D Micro-computed tomography (micro-CT) scans of 
the control groups, and nanocomposite scaffolds. The manufactured substrate is a 
good option for bone tissue regeneration, according to these combined data.
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Fig. 4.5 a Images of the rabbit forelimb’s bone taken using X-rays and 3D reconstruction, as well 
as, b parameters measured using micro-CT scans of the spiral-cylindrical chitosan nanocomposite 
scaffold during the production of new bone. Reproduced with permission from American Chemical 
Society [65] 

4.4.3 Mechanical Characterization 

In addition to addressing the tendency of nanoparticles to aggregate, which reduces 
the interfacial area and leads to poor mechanical characteristics, a good nanofiller 
dispersion within the matrix must be attained to obtain the required increase in 
mechanical capabilities. The interfacial strength significantly influences the final 
mechanical qualities of the chitosan nanocomposites, for instance, toughness, tensile 
strength, and elastic modulus. Graphene oxide (GO) skeletons blending chitosan 
with sodium alginate (SA) and collagen (Col) for bone tissue engineering pose 
as a good potential material, according to studies conducted by Kolanthai et al. 
[66]. In the same context, Ca2+ provided a second crosslink among the alginate 
chains of the crosslinked Sodium Alginate-Chitosan-Collagen-Graphene Oxide (SA-
CS-Col-GO) scaffold, in which the primary contact between SA, chitosan, Col 
molecules, and GO particles in the SA-CS-Col-GO scaffold was a hydrogen bond. 
Photographs of the SA-CS-Col-GO scaffolds are shown in Fig. 4.6a. Also, according 
to Fig. 4.6b, compressive stress–strain curves demonstrated that adding GO and 
Ca2+ to the Sodium Alginate-Chitosan-Collagen (SA-CS-Col) matrix enhanced 
mechanical strength.

4.4.4 Chemical Structure 

By using Fourier transform infrared spectroscopy (FT-IR), Hydrogen-nuclear 
magnetic resonance (1H-NMR), and Carbon-nuclear magnetic resonance (13C-
NMR), the structural alterations of chitosan-based nanocomposites are primarily 
identified. Alterations are often applied to nanofillers to enable different physic-
ochemical features to the resultant chitosan nanocomposite, identify interactions 
with active ingredients, and investigate how chitosan binds to specific biological 
receptors. Following the synthesis of 4-pyridinecarboxaldehyde, Omidi et al. grafted
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Fig. 4.6 a Photographic images of non-crosslinked and chemically cross-linked scaffolds prepared 
by freeze-drying technique and b their compressive stress–strain curves. Reproduced with 
permission from American Chemical Society [66]

chitosan and nanoparticles onto the series of quaternary pyridinium derivatives [67]. 
Quaternary ammonium compounds-chitosan crossbreeds were tested for antibac-
terial activity towards two Gram-positive and two Gram-negative bacteria. Conse-
quently, they have demonstrated a substantial impact on the Gram-positive bacteria, 
as shown in Fig. 4.7. The development of chitosan nanocomposite was confirmed by 
FT-IR, 1H, and 13C NMR. New chitosan derivatives exhibited marginally improved 
antioxidant activity, according to the 2,2-diphenyl-1-picryl-hydrazyl-hydrate radical 
essay (DPPH-radical) scavenging experiment. 

Fig. 4.7 The a FT-IR, b 1H-NMR, and c 13C-NMR spectra of chitosan derivatives with nanofillers. 
Reproduced with permission from Elsevier [67]
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Fig. 4.8 a A graphic illustration of the culture dish-based in vitro wound closure experiment. b 
Photographs showing the migration of L929 cells 48 h after they were cultured with tigecycline 
nanoparticles reinforced chitosan-platelet-rich plasma (PRP) nanocomposite hydrogels at various 
PRP concentrations in comparison to a control chitosan gel. c Area of the nanocomposite hydrogel’s 
scratch wound closure percentage in comparison to a chitosan gel control. d An inversion test 
for the integration of tigecycline nanoparticles in chitosan-platelet-rich plasma (PRP) nanocom-
posite hydrogels to determine gel formation and enhanced rheological properties. Reproduced with 
permission from American Chemical Society [68] 

4.4.5 Antibacterial Properties 

Chitosan’s cationic kind, which enables the communication between negatively 
charged lipids and proteins found in the bacterial cell wall, has been shown in several 
trials to have a remarkable antibacterial impact on various disease-causing bacteria. 
Nimal et al. created injectable nanostructured chitosan hydrogels containing tigecy-
cline and platelet-rich plasma to treat infected wounds [68]. The best outcomes in 
antibacterial behavior were achieved in the presence of the hybrid nanogels (Tigecy-
cline Loaded Chitosan Nanoparticles (tg-ChNPs-ChPRP) gels) in an in vitro wound 
closure research utilizing L929 cell migration. Figure 4.8 illustrates in vitro scratch 
wound closure tests that help us better grasp the chitosan nanocomposites’ wound 
regeneration properties. 

4.5 Biomedical Applications of Chitosan-Based 
Nanostructured Composite 

Chitosan is a biopolymer with interesting properties that make it a revolutionary 
material in the pharmaceutical and medical industry. According to investigations, 
the structure of chitosan helps with better collagen deposition and three-dimensional 
cell growth which accelerates wound healing [69]. Usually, sponges’ fiber and
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Table 4.3 Nanostructured additives applied in chitosan-based nanocomposite materials for 
biomedical applications 

Nanostructured additives Nanostructure Biomedical application References 

Ag Nanoparticles Anticancer [71] 

Nanocellulose Nanocrystals/ 
nanofibrils 

Wound dressings [72] 

Nano-hydroxyapatite (nHAP) Nanoparticles Bone tissue engineering [73] 

Fe3O4 Nanoparticles Magnetic hyperthermia for 
cancer therapy 

[74] 

(Pt) Nanoparticles Drug delivery [75] 

Graphene oxide Nanosheets Biosensor [76] 

ZnO Nanoparticles Cancer therapy [77] 

Gold Nanoparticles Biosensor [78] 

Gold Nanorods Drug delivery [79] 

Carbon nanotube Nanofibers Cartilage tissue engineering [80] 

Nanocellulose Nanofiber Wound dressing [81] 

ZrO2 Nanoparticles Biosensor [82] 

Ag Nanoparticles Drug delivery [83] 

TiO2 Nanoparticles Wound healing [84] 

film/membranes forms of chitosan have been utilized for wound healing and tissue 
engineering applications. Chitosan has great capacity as a delivery agent for biolog-
ically active molecules, as well as in the organization of tissues and cells [7]. As 
pure material, chitosan can have some drawbacks such as weak mechanical, thermal, 
and barrier properties [14]. Several nanometric compounds of inorganic, organic, 
or metallic nature may be used and dispersed as nanoadditives in chitosan, such 
as nanoparticles, nanosheets, nanofibers, nanorods, nanocrystals among others, to 
solve most of the disadvantages related to chitosan in order to be applied in various 
fields of biomedical research [70], as presented in Table 4.3. Thanks to their non-
toxicity, biodegradability, and antibacterial properties, chitosan-based nanostruc-
tured composites have interested many researchers for several biomedical applica-
tions such as tissue engineering, drug delivery systems, dressing for wounds and 
burns [13]. 

4.5.1 Drug and Bio-Macromolecules Delivery 

The use of nanomaterials in the pharmaceutical field is increasing more and more. 
Using materials or biopolymers of size ≤ 100 nm to formulate chitosan-based 
nanostructured composites improves the hemostatic potential. These materials have 
the ability to cross biological barriers in order to transport drugs to the specific
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site efficiently [7]. Various nanomaterials/nanoparticles have been applied to treat 
infections and various eye diseases, diabetes, and cancer [7]. The use of nanoparti-
cles/nanomaterials can provide better drug stability with a slower, continuous release 
approach [10]. Hua et al. studied the controlled release of ofloxacin using nanostruc-
tured chitosan/MMT-based hydrogels. The results found showed that the nanomate-
rial enhances drug entrapment with high potential as drug carriers for sustained 
release [85]. George et al. [86] investigated the design of a nanomaterial in a 
hydrogel form based on ZnO nanoparticles in which an extract of Cucumis melo 
seeds was added in the matrix followed by cross-linking with dialdehyde cellulose 
for curcumin delivery. New methods of treating cancer are currently possible through 
the use of nanostructured chitosan composites, specifically through drug delivery. 
Kankala et al. [75] developed an interesting drug delivery platform by coating a 
chitosan polymer composite layer embedded with platinum (Pt) nanoparticles onto 
zinc (Zn) doped siliceous matrices loaded with doxorubicin, generally used against 
multidrug resistance for treating cancer. Zhao et al. [87] developed a new graphene 
oxide nanoparticles (GON)-based system with GON and chitosan/dimethylmaleic 
anhydride-modified chitosan for drug and biomacromolecules delivery. According to 
the results, chitosan-based nanomaterials show hope for gene therapy and biomacro-
molecules delivery for treating genetic diseases. Long et al. [88] synthesized 
magnetite chitosan/carrageenan nanomaterials via in-situ preparation of iron ions 
in carrageenan and subsequently incorporated with chitosan. The results showed 
that the prepared nanocomposites could effectively be applied for targeted delivery 
of therapeutic macromolecules. 

4.5.2 Wound Healing 

Antibacterial resistance of microorganisms is considered one of the major obstacles 
encountered in wound care, leading to complications such as infection and delayed 
healing [89]. Several studies are currently devoted to develop newer antibacterials for 
treating wounds infected with antibacterial resistant microorganisms. Thanks to its 
antibacterial capacity, chitosan could solve wound healing problems [90]. Chitosan-
based nanostructured materials provide anti-microbial agents for the treatment of 
wound or burn [13]. Figure 4.9 presents in detail the stages of the skin wound healing 
process using chitosan-based nanocomposite materials. Ding et al. [91] studied a 
nanocomposite system with silver nanoparticles and chitosan for external skin wound 
healing. The film required higher mechanical strength to attach to the skin and was 
crosslinked with genipin, which led to a decrease in the active sites of chitosan as 
well as its antibacterial capacity, which was replaced by the incorporation of silver 
nanoparticles. These results showed that chitosan nanocomposites could also be used 
for the treatment of internal wounds. The study by Sundaram et al. [92] has developed 
an injectable composite with chitosan and nano-bio-glass. Their study provides safe 
blood clotting, thanks to the synergistic interactions existing between the chitosan 
biopolymer and the nano-glass in contact with blood. Riccio et al. [72] designed
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Fig. 4.9 Wound skin healing process using chitosan-based nanocomposite materials. Reproduced 
with permission from Elsevier [13] 

novel chitosan/nanocellulose-based nanocomposite films filled by betamethasone or 
silver sulfadiazine as functional dressings. This work showed that the designed films 
have a great potential as active dressings for controlled drug delivery in the wound 
site to treat inflamed and purulent wounds, noninfectious dry, and infectious wounds. 

4.5.3 Bone Tissue Engineering 

Tissue engineering is a reparative medicinal area that has undergone a great evolu-
tion in recent years. It emerged from research on the development of biomaterials. 
This practice involves using cells, 3D scaffolds, and biologically active molecules to 
maintain, repair and improve the function of a specific injured tissue or organ [89]. 
The use of biopolymer-based nanocomposites has got huge attention in the disci-
pline of tissue engineering, thus enforcing researchers to enhance the techniques of 
biopolymer design development to have materials with a high potential and ablilty to 
repair damaged tissue. Thanks to their anti-microbial, hemostatic, and biodegradable 
abilities, chitosan-based nanomaterials are the subject of major applications in the 
field of tissue engineering [7, 93]. In bone tissue engineering, chitosan-based nanos-
tructured composites may replace synthetic polymers. The chitosan molecules have a 
hydrophilic surface as contrary to several synthetic polymers that promote cell adhe-
sion and proliferation; they are designed as films and scaffolds, with multiple appli-
cations in tissue regeneration and cell transplantation [94]. Owing to the crosslinking 
capacity of the chitosan biopolymer, the combination of chitosan-based composites 
with other synthetic biopolymers, the use of nanoparticles, expanded the chitosan 
shaping methods [16, 95], to create new scaffolds for bone tissue engineering with 
controlled biocompatibility and mechanical strength of the produced material [96]. 
Moreira et al. [97] developed new in-situ forming hydrogels from chitosan and gela-
tine combined with bioactive glass nanoparticles. The nanomaterials cytocompati-
bility was studied based on the cell viability of the human osteosarcoma cell line.
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Carbon-based nanomaterials such as carbon nanotubes [98], graphene and graphene 
oxide [7] have been successfully combined with chitosan for bone tissue engi-
neering. Carbon-based nanocomposites have shown remarkable potential for the 
reinforcement of hybrid scaffolds due to their good mechanical stability [99]. 

4.5.4 Biosensor 

Biosensors are chemical sensors with the ability to recognize the properties of 
biological components [100]. Recently, the pharmaceutical field has increasingly 
seen the rise in use of biosensors. A better quality of immobilization of biological 
recognition elements is very important to develop reliable biosensors. Chitosan-
based nanocomposites are considered an excellent immobilization matrix. Chitosan 
is a natural polymer with many functional properties, such as crosslinking ability 
with multiple nanomaterials, and high permeability [101]. The biosensors based 
on chitosan nanocomposites have served as new instruments for the early identifi-
cation of diseases and detecting of various biomarkers [13]. Shan’s research group 
developed nanocomposite films of graphene/gold nanoparticle/chitosan (GAuCS) for 
glucose biosensing. The biosensors aim to fix glucose oxidase on the gold electrode 
in the films of the GAuCS nanomaterial [102]. Ahmet Güner et al. [103] studied a 
hybrid detection platform using gold nanoparticles and chitosan as well as multi-
walled carbon nanotubes (MWCNTs) for the detection of O157:H7 Escherichia 
coli (E. coli). The nanomaterial is modified with polypyrrole in order to have a 
branched pyrrole chitosan structure for good antibody binding. Nanomaterials such 
as graphene nanosheets and carbon nanotubes are associated with chitosan as mate-
rials for improving the properties of the composite [101]. Graphene nanosheets can 
improve the homogeneity of chitosan film and promote DNA hybridization reac-
tion [101]. AL-Mokaram et al. [104] investigated biosensors consisting of chitosan 
polypyrrole-iron oxide composite for the detection of glucose. The incorporation of 
iron oxide nanoparticles aims to achieve the objective of non-enzymatic detection. 

4.5.5 Other Biomedical Applications 

Besides the use of chitosan-based nanocomposites for drug delivery, tissue engi-
neering, wound healing and biosensors, chitosan as a composite nanostructured 
material has been used in other biomedical fields such as bioimaging [70]. This 
practice has been used extensively in research and clinical trials. Bioimaging makes 
it possible to highlight biological problems due to its ability to quantify and detect 
phenotypic changes [7]. Currently, chitosan nanocomposite materials have gradu-
ally emerged for bioimaging as excellent candidates [13]. Salehizadeh’s research 
group [105] has designed a magnetic core–shell nanocomposite for bioimaging, 
combining Fe3O4-gold nanoparticles with stabilizing agent chitosan. Fe3O4 showed
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excellent magnetic properties providing magnetic resonance for imaging. Kumar 
et al. [106] have devised carboxymethyl CS-wrapped Fe3O4 nanoparticles (NPs) 
decorated with carbon dots to have the fluorescent magnetic nanoparticles for cancer 
cells imaging. This demonstrates that chitosan-based fluorescent magnetic nanopar-
ticles have an outstanding capacity for diagnostic aims. Banerjee et al. [107] have  
designed chitosan-hydroxyapatite luminescent nanocomposite films that can be used 
as a fluorescent cell regeneration composite material or as an antibacterial wound 
dressing. 

Among the various applications of chitosan-based nanocomposites in the biomed-
ical field, mention may be made of hemoperfusion, which consists of eliminating 
toxins from the blood using adsorbent in the purification of blood for treating diseases. 
The excess bilirubin, which is a pathogenic toxin, can damage various tissues which 
can lead to death [108]. In the last decades, several types of adsorbents have been 
widely investigated to eliminate the excess of bilirubin, such us carbon nanotubes, 
and cross-linked chitosan [109]. Chen et al. [110] synthesized porous nanomaterials 
with improved adsorption properties. Cross-linked chitosan/SiO2-loaded graphene 
(CS/graphene-SiO2) nanocomposite beads were synthesized for the adsorption of 
bilirubin. According to results, the developed CS/graphene-SiO2 nanocomposites 
as an adsorbent for bilirubin could be promising materials in blood purification 
applications. 

4.6 Conclusion and Perspectives 

The growing demand for biomaterials over the recent decades in the medical area 
has driven the use of various natural polymers. Being biodegradable, non-toxic, 
and biocompatible, chitosan is a promising biopolymer with many functionalities. 
As discussed in this chapter, chitosan has attracted great interest in the biomedical 
field, including tissue engineering, bioimaging, biosensors, and drug delivery among 
others. The reactive functional groups present in the skeleton of chitosan facilitate 
its physical or chemical modification, in order to give it interesting new proper-
ties. Chitosan can be combined with various inorganic and organic nanostructures to 
provide other properties, useful in the biomedical area, especially to meet new chal-
lenges in applications. This chapter includes a comprehensive list of the development, 
preparation, microscopic, mechanical, and structural characterization of nanocom-
posite materials based on chitosan. Chitosan-based nanostructured composites have 
become a focus of research interest in several medical practices such as drug delivery, 
bone tissue engineering, and biosensors, due to their distinct advantages such as 
biodegradability, biocompatibility and non-toxicity and their enhanced structural 
and functional characteristics. In addition, chitosan is considered as an interesting 
matrix for the design of wound healing fabrics thanks to its low cost, high biocom-
patibility, and antibacterial capacity. All these features combine to make chitosan 
based nanostructured materials potential candidates for several biomedical areas,
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but few limitations still need to be considered to meet the clinical criteria. Addition-
ally, drawbacks related to biomedical applications still remain as challenges, such as 
drug delivery efficiency, delivery duration, and drug loading ability. This chapter also 
highlights some biomedical areas and motivates researchers to improve the physic-
ochemical attributes of chitosan-based nanocomposites. Further research is needed 
to forward chitosan-based nanocomposites from the laboratory to human clinical 
trials. Future studies are anticipated in fields such as bioimaging, biosensors, and 
anti-cancer drug applications. The points investigated in this chapter underline the 
nanostructure-activity-application trade-off in the preparation and modification of 
chitosan-based nanostructured composites. This perspective may guide researchers 
toward the most suitable preparation and modification strategies to obtain optimal 
performance for their targeted applications. In addition, the collaboration of bioengi-
neers and clinical researchers can overcome the problems related to unknown regen-
erative therapies by studying the morphologies, sizes, and diameters of the materials 
developed according to the desired clinical application. 
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Chapter 5 
Functionalized Chitosan and Biomedical 
Devices 

Damaris-Cristina Gheorghe, Ruxandra -Maria Ilie-Mihai, 
Catalina Cioates Negut, and Raluca-Ioana Stefan-van Staden 

Abstract Chitosan is the polymer that results from the deacetylation of chitin 
taken from the exoskeleton of crustaceans. This chapter aims to introduce some 
of the most well-known chitosan derivatives, including carboxymethyl chitosan, 
N-trimethyl chitosan, thiolated chitosan, quaternary ammonium chitosan, and 
sulfated-chitosan oligomers, as well as their unique properties: anti-allergic, 
anti-bacterial, anti-coagulant, anti-obesity, anti-cancer, anti-oxidant, analgesic, 
anti-cholesterolemic, anti-human immunodeficiency virus, anti-diabetic, anti-
hypersensitive, anti-Alzheimer’s and matrix metalloproteinase-inhibiting properties. 
Their utilization for the design of biomedical devices used for analysis of nutrition, 
and pharmacology products, and in medicine, biotechnology, materials science, and 
other fields was proven. 

5.1 Introduction 

Biomedical devices are quickly replacing traditional medical instruments. The goal 
is to use biomaterials to create secure, excellent, and affordable composite mate-
rials in the medical field. Biomaterials are multi-component systems that are safe 
to interact with biological systems and can be used to supplement or substitute a 
normal component or function in a living body. Biomaterials are composed of an 
extensive series of chemical elements, including ceramics, polymers, and metals. 
The biomaterial-based composites are capable of being transformed into intelligent, 
multifunctional materials that are appropriate for biomedical devices. Natural poly-
mers like polysaccharides, polypeptides, and polynucleotides [1] received by the 
United States Food and Drug Administration approval are thought to be harmless
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for use in tissue engineering, medication delivery, orthopaedic and dental care, and 
wound healing [2]. The widespread use of polysaccharides such as alginate, chitosan 
(C), starch, cellulose, agar, gums, hyaluronic acid, dextran, and heparin has been 
limited by high-temperature oxidation above the melting point, microbial contami-
nation, high hydrophilicity, pH-dependent solubility, and poor mechanical strength 
[3]. Chitosan has been chosen by researchers as the right polymer for prospective 
applications in nutrition, pharmaceuticals, biotechnology, and material sciences [4]. 
Chitosan is a recyclable, biocompatible, and harmless polymer obtained after chitin’s 
deacetylation [5]. Sources for extracting C from chitin are crabs, oysters, lobsters, 
crayfish, and prawns [6]. In recent years, interest in C materials and nanocomposites 
has increased [7]. The subjects that are going to be covered in this chapter are shown 
in Scheme 5.1. 

Chitosan contains a number of functional groups, including hydroxyl (-OH) and 
amine (-NH2), which enables it to react with crosslinking agents to produce chemical 
crosslinking at the site of application [5]. Chitosan also contains a number of other 
functional groups. Chitosan is appropriate for use in clinical settings because it does

Scheme 5.1 Schematic diagram of chitosan-based biomedical applications 
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not cause toxicity, is compatible with living organisms, and can be broken down 
by specific enzymes into oligosaccharides that do not cause toxicity [6]. Chitosan 
can be utilized in the conduct of scientific research due to the aforementioned qual-
ities. In addition, chitosan nanoparticles (CNPs) and their derivatives demonstrated 
extraordinary performance in the fields of ophthalmology, dentistry, bioimaging, 
biosensing, and diagnostics [6]. Chitosan, its derivatives, and CNPs are among the 
families of natural biopolymer materials that have been studied the most for possible 
applications in biology. This is because C is one of the most abundant naturally 
occurring polysaccharides. 

5.2 Chitosan and Its Derivatives 

The areas of medicine and other academic subjects associated with health have 
also developed over the course of time as a direct result of the ongoing develop-
ment of civilization all throughout the course of history. Recently, over the past few 
years, polymeric compounds that are originated from the liver, as well as inulin, 
alginates, and chitin, had also emerged as topics of study in a variety of fields, 
including medicine, health care, and biology, among others [8–10]. Among them, 
chitin, in conjunction with C and its derivatives, as a result of the following distinctive 
properties: anti-allergic, anti-bacterial, anti-coagulant, anti-cancer, anti-oxidant, anti-
human immunodeficiency virus, anti-diabetic, anti-hypersensitive, anti-Alzheimer’s, 
and matrix metalloproteinase-inhibiting properties, has attracted a significant amount 
of attention [4, 11]. Due to the insolubility of C in water and in most organic solvents, 
its applicability in diverse disciplines is limited. Derivatives of C have the potential 
to fill a wide variety of roles in the drug industry, including those of targeted drug 
delivery vehicles, vaccine adjuvants, and vaccine delivery carriers [12, 13]. Chitosan 
has been subjected to a number of modifications, both chemical and physiological, 
such as carboxylation, quaternization, acylation, and alkylation, in attempt to enhance 
the solubilization of the compound and develop derivative products that can be used 
in a wide variety of contexts. These modifications have been carried out in order to 
improve the solubility of C. According to Wang et al., N-acylated chitosan’s biocom-
patibility and anti-coagulant properties have seen tremendous improvements during 
the course of time, and the substance can now be employed as a sustained-release 
medication in clinical settings [14]. At a pH of 7.00, the research that was conducted 
in 2005 by Yang and colleagues demonstrated that water-soluble N-alkylated disac-
charide chitosan derivatives seem to remove pathogens such as Escherichia coli and 
Staphylococcus aureus much more effectively than native C [15]. 

In 2018, Shariatini stated that by altering the level of carboxymethylation, CMC 
has the potential to change the degree to which it is miscible in water across a broad 
range of pH levels. As a result of this, The reaction time of the drug administration
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system would consequently lengthen [16]. According to Freitas et al., modifying C 
through the process of quaternization has the potential to significantly improve the 
substance’s hydrophobic character, antimicrobial activities, mucosal adhesion, and 
permeability, all of which are desirable qualities for the development of medical 
dressings and drug carriers [17]. 

As therapeutic carriers, C and its derivatives display anti-bacterial, anti-oxidant, 
and anti-cancer properties in vivo, indicating its potential application in the treat-
ment of clinical disorders. Due to the fact that C has the potential to be utilized 
in a wide variety of biomedical applications, it has been the subject of extensive 
research. Chitosan is a naturally occurring amino polysaccharide that possesses an 
innovative structure and highly complex characteristics [18]. Chitosan’s exceptional 
biocompatibility and biodegradability under physiological settings [19] have led  to  
its widespread usage in medication delivery and gene therapy, in addition to its use 
in bone tissue regeneration. Because of its flexible structure, C can be modified 
chemically or mechanically to create new qualities, functions, and uses [18]. 

Chitosan has a pKa with value equivalent to 6.3, and is a strong base due to its 
primary groups [20]. A C solution can be created under aqueous conditions with a 
pH of less than 6. This will protonate the amino groups of C, resulting in a positively 
charged polymer and allowing it to overcome the associative forces between chains 
[21]. Increasing the value of the pH of a C solution higher than 6, the amino groups of 
the C become deprotonated and the charge on the polymer chain is lost; this leads to C 
insolubility. The degree and type of deacetylation as well as the molecular weight have 
a significant impact on solubility. It is possible to increase the solubility of C by using 
chemical modifications that result in the presence of two hydroxyl functional groups 
in the polymer chain. A comprehensive study described by Upadhyaya et al. [22] 
provides a summary of a promising alternative to classic C, namely, carboxymethyl 
chitosan, a material that has better biological and physicochemical features and is 
also water soluble. When introducing carboxymethyl groups to the configuration of 
C, at pH levels that range from neutral to alkaline, chitosan’s solubility improves in an 
exponential manner, and by doing so, the chitosan’s distinctive features remain intact. 
Anti-bacterial qualities that do not harm healthy cells are at the top of the wish list for 
biomaterials that are specifically developed for human use. The polyacetylated chain 
composition of C is important for anti-bacterial activity, without it, there would be no 
anti-bacterial effect. Most likely, the mechanism by which C kills bacteria involves 
binding the compound to the surface of the cell wall of bacteria, which is negatively 
charged, which causes the membrane of the cell to rupture. This is then followed by 
the attachment of the compound to deoxyribonucleic acid (DNA), which prevents 
DNA replication and ultimately leads to cell death. Anti-bacterial activity depends 
largely on the electrostatic interaction that occurs among the anionic elements that 
can be found on the surface of microorganisms and the polycationic structure [23]. 
Lipopolysaccharide that is gram negative and the proteins that are on top of cell 
surface are two examples of these types of components.
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5.2.1 Chitosan Derivatives 

In order to obtain C derivatives, its modification is required. The outcomes are 
intended to endow C with novel properties like mucoadhesiveness and solubility, 
thereby changing this biomaterial into substrates suitable for the transport of 
biomolecules. Some of the most known derivatives are carboxymethyl chitosan 
(CMC), N-trimethyl chitosan (TMC), thiolated chitosan (TC), quaternary ammo-
nium chitosan (QNHC), and sulfated-chitosan oligomers (S-COS), which can also 
be found in Fig. 5.1. 

5.2.1.1 Carboxymethyl Chitosan 

The addition of carboxyalkyl groups into the structure of C, primarily in the form 
of carboxymethyl, is a method that has been developed primarily to enhance the 
miscibility of C. The reaction takes place at the C6 hydroxyl group or the amino 
moiety, producing either N-CMC, O-CMC, or N, O-CMC as a by-product of the 
process. These derivatives are amphoteric polymers whose solubility varies with 
pH, features that allow them to retain water, are biodegradable, biocompatible, and 
have anti-oxidant activity [16, 24]. CMC is capable of efficiently chelating to metal 
ions [25], which is necessary for the production of self-polishing antifouling paints 
like CMC copper ion [26]. Additionally, the anti-bacterial activity of CMC can be 
increased by producing its composite materials employing a variety of nanoparti-
cles [27]. It has been demonstrated that O-CMC scaffolds can be used to advance 
regenerative medicine [28]. For the purpose of engineering adipose tissue, these 
were injectable hydrogels that had been made by loading fibrin nanoparticles with 
alginate-O-CMC [28]. These hydrogels might expand to enlarge their pores, facil-
itating the entry of cells into their three-dimensional networks. Hydrogel scaffolds 
cultivated using human adipose-derived stem cells promoted cell development, while 
the addition of fibrin nanoparticles enhanced cell adherence and proliferation on the 
scaffold [28]. The CMC derivatives were utilized to prevent post-surgical adhesion,

Fig. 5.1 Schematic 
illustration of the derivatives 
of chitosan that are to be 
discussed in this chapter 
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which might affect a patient’s future health by causing organ dysfunction, intestinal 
blockage, diminished fertility, difficulty with reoperation, and possibly discomfort 
[29] or illness [30]. In operative models of abdominal aortic anastomosis and abdom-
inal skin incision, N, O-CMC was tested to see how well it would perform [31]. Prior 
administration of a diluted dispersion to the surgical site did not result in a substan-
tial reduction in the formation of adhesions. After surgery, administering the gel and 
solution post operatively proved to be the most effective treatment [32]. 

5.2.1.2 N-trimethyl Chitosan 

The amino groups present in chitosan are modified by a process called methylation 
by the addition of a variety of distinct alkyl groups to the chitosan molecule. Due to 
the sheer cationic character of its structure, TMC is regarded as one of the polymers 
with the highest mucoadhesive strength [33]. Because it contains protonated units (– 
N+(CH3)3), it is soluble in a substantially wider range of pH than unmodified chitosan 
is [34]. The solubility of TMC can be affected by the deacetylation degree, the 
deacetylation quantity, the percentage of O-methylation, and the molecular weight 
of the original chitosan. TMC is more soluble than chitosan because, following 
quaternization, it has a greater number of hydrophilic amino groups on the main 
chain. Chitosan does not have as many of these groups. In general, the degree of 
deacetylation is inversely proportional to the likelihood of the formation of quaternary 
ammonium salt during methylation. This likelihood, in turn, is directly correlated 
with the degree to which solubility is reduced. As a result of the quaternization 
process, the amount of positive charge that is carried by TMC is more than that of 
the parent chitosan. This contributes to the TMC’s enhanced anti-bacterial activity. 
Rapid evacuation from the site of drug action is one of the most important aspects that 
can reduce the effectiveness of drugs that are administered to the mucosa of the ocular, 
nasal, or vaginal cavities. It is a widely held belief that increasing the viscosity of a 
drug formulation will result in a reduction in the clearance of the medication, which 
will, in turn, result in an increase in the medication’s bioavailability. The manufacture 
of medicinal formulations with a viscosity that is appropriate using in situ gels is 
an approach that shows a great deal of promise. The production of a gel at the site 
of drug delivery combines the benefits of an easily administered solution with the 
viscoelastic characteristics of a gel, thereby extending the residence duration of the 
formulation. This is achieved by combining the advantages of an easily administered 
solution with the characteristics of a gel. 

5.2.1.3 Thiolated Chitosan 

Chitosan’s primary amino groups undergo thiolation when they react with coupling 
chemicals that have thiol groups. This process is known as thiolation. This compound 
exhibits strong penetration and mucoadhesion, as well as enhanced solubilization at 
physiological pH, and it also demonstrates in situ gelling capabilities [35]. Due
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to the sheer development of covalent connections between the thiol groups of the 
polymer and the cysteine-rich subdomains of glycoproteins in the mucus layer, TC 
has increased mucoadhesive characteristics. Noncovalent bonds, such as the ionic 
interactions of C with the anionic substructures of the mucus layer, are thought to 
be weaker than their covalent counterparts, which are believed to be significantly 
stronger. Thiolated chitosan, in addition to exhibiting powerful mucoadhesive qual-
ities and characteristics that enhance permeability, also demonstrates outstanding 
cohesive capabilities. As the backbone of C has reduced thiol functionality, TC is 
able to form disulfide bonds not only with mucus glycoproteins but also between 
molecules and within molecules. In other words, it is able to form disulfide bonds in 
all three configurations. Rapid evacuation from the site of drug action is one of the 
most important aspects that can reduce the effectiveness of drugs that are adminis-
tered to the mucosa of the ocular, nasal, or vaginal cavities. It is a widely held belief 
that increasing the viscosity of a drug formulation will result in a reduction in the 
clearance of the medication, which will, in turn, result in an increase in the medi-
cation’s bioavailability. The manufacture of medicinal formulations with a viscosity 
that is appropriate using in situ gels is an approach that shows a great deal of promise. 
The production of a gel at the site of drug delivery combines the benefits of an easily 
administered solution with the viscoelastic characteristics of a gel, thereby extending 
the residence duration of the formulation. This is achieved by combining the advan-
tages of an easily administered solution with the characteristics of a gel. Because 
of these qualities, TC makes an excellent substrate for the transport of drugs to the 
brain, where it is most commonly utilized in the form of nanoparticles. 

5.2.1.4 Quaternary Ammonium Chitosan 

The quaternary ammonium group is an example of a hydrophilic group that also 
carries a positive charge. Not only does the addition of a quaternary ammonium 
salt group makes the substance more soluble in water, but it also makes it more 
chargeable. The C2–NH2 system is responsible for the quaternization reaction. The 
basic process of quaternization can be broken down into three distinct steps: the 
direct quaternary ammonium substitution approach, the N-alkylation method, and 
the epoxy derivative open-loop method [36]. 2,3-epoxypropyl trimethyl ammonium 
chloride and 3-chloro-2-hydroxypropyl trimethyl have been the quaternary ammo-
nium salts that have seen the most widespread application over the past few years [37]. 
A higher charging strength is achieved with the use of quaternary ammonium salt, 
which also reduces the strength of hydrogen bonds. This increases water solubility. 
In addition to this, a higher degree of substitution results in an improved water solu-
bility and an increased potential [38]. In addition to having superior anti-bacterial 
properties, QNHC salt also possesses superior biocompatibility, biodegradability, 
non-toxicity, and biological impacts, as well as intrinsic mucoadhesiveness and the 
ability to permeate mucus layers and adhere to epithelial surfaces. As a result of this, 
it has found widespread application in the medical industry [39]. Quaternary ammo-
nium chitosan, which has anti-bacterial qualities, can be utilized in anti-inflammatory
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medications or as a filler fiber in materials for treating wounds [40]. This is possible 
because of the chitosan’s high molecular weight. 

5.2.1.5 Sulfated-Chitosan Oligomers 

Chitosan oligomers (COS) have a wide variety of functional groups at the C2, C3, 
and C6 locations, respectively. Due to the existence of such functional groups, C has 
been exploited in a vast array of biological processes, which include the suppression 
of angiotensin-1-converting enzyme (ACE) [41]. In a recent study, it was shown that 
COS can operate as ACE inhibitors by attaching to chloride ions. Since activating the 
ACE helps to lower the severity of cardiovascular disorders, this is a highly useful 
property of COS. 

In order to increase the ACE inhibitory action of the COS that were used in the 
preparation of S-COS, grafts of sulfate were added to the COS [42]. Even when 
employing the same reagents, it is common knowledge that the hydroxyl group of 
pyranose moieties possesses a unique chemical activity in various locations. This is 
the case even when the chemicals used are the same. Because the hydroxyl groups 
at the C6 position of COS have the highest reactivity for sulfates, it is possible to 
effectively and selectively replace the hydroxyl group of COS at the C6 position with 
a sulfate group in order to facilitate the synthesis of S-COS. This can be done while 
the structure of COS is preserved. For example, Qian et al. (2010) developed three 
different forms of S-COS with different molecular weights ranging from 3–1 to 5–3 
and 10–5 kDa. All of these S-COS molecules show great potential for use as ACE 
inhibitors. Although the S-COS with a size range of 5–3 kDa was the one that was 
most successful in inhibiting ACE activity, none of the three S-COS had a negative 
effect on human lung fibroblast cells MRC-5 [43]. Recent studies have shown that 
the ACE inhibitory activity of COS and S-COS can be improved by adding a sulfate 
group in place of the hydrogen atom that is located at the C6 position. Because of 
this, C and its derivatives show promise as potential additions to pharmaceuticals 
and nutraceuticals that are intended to treat hypertension and the ailments that are 
linked to it. 

5.3 Biomedical Tools Based on Chitosan 

With advances in nanotechnology, C, which was used as a pure biomaterial, could 
be combined with some types of nanostructures, incorporated into the base material, 
or deposited on the surface. To eliminate the disadvantages of the structure of pure 
C [44], organic and inorganic nanosized compounds were included as dispersed 
fillers within the entire matrix and/or as a covering for the material’s surface [45]. 
In addition, in C, a selection of nanostructures, for example, nanosheets, nanorods, 
nanocapsules, nanowires, and nanofibers, can be used. These nanostructures can be 
metallic, organic, inorganic, or semiconducting.
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The demand for nanomaterials in the pharmaceutical industry is increasing daily. 
Because of their small nanoparticle size, they can permit through a variety of obsta-
cles and transport medication to the destination [46]. Therefore, these are used for 
cancer and diabetes therapy, etc. Chitosan nanoparticles have been employed as 
DNA carriers, vaccination carriers, and low molecular weight medication carriers 
[47]. Due to nanoparticles exhibiting unique properties such as well-defined optics, 
surface properties, high biocompatibility [48], ease of fabrication, and customizable 
size [49], they have been employed as drug delivery systems [50]. Thus, CNPs are 
the most prevalent polysaccharides in nature and promising in cancer therapy [51, 
52]. A synergistic effect against cancer cell growth has been observed by adding 
chemotherapeutic agents like ponatinib, doxorubicin, paclitaxel, and imatinib (I) 
to silver nanoparticles [53]. Due to the mucoadhesive properties generated by the 
existence of disulfide bonds between thiolated polymers or with mucus glycopro-
teins, thiolate derivatives of C have also been demonstrated to offer the potential for 
oral drug delivery [54]. Using thiolated chitosan-based nanoparticles (TCNPs) laden 
with insulin using the Schiff-base technique, Sudhakar et al. [55] developed an oral 
carrier for insulin administration. Based on what they found, giving insulin-TCNPs 
by mouth to a model of a diabetic rat could control blood sugar and insulin levels. 

5.3.1 Electrochemical Sensors Based on Chitosan 

Electrical conductivity is not possessed by C. Because of this, it is mixed with conduc-
tive polymers (CPs), polyaniline [56] and polypyrrole [57], nanoparticles like multi-
walled carbon nanotubes [58], and graphene [59] to improve its electrical proper-
ties for sensing applications. Researchers have developed high-performance elec-
trochemical biosensors for glucose detection by covalently immobilizing glucose-
oxidase in Fe3O4/CG hybrids. The hybrids that were generated can be used not only 
for biosensors but also in magnetic resonance imaging. 

5.3.1.1 Electrochemical Sensors Based on Chitosan and Conductive 
Polymers 

Due to the non-conductive nature of C, the researchers mixed it with other CPs 
to improve charge transfer. Polypyrrole and polyaniline were used to design the 
sensors because they can form hybrid polymers with chitosan [60]. A novel sensitive 
conductive nanocomposite sensor for the recognition of isoxsuprine hydrochloride 
was designed by Hassanein et al. [61] using polypyrrole, ZnO NPs, and C. In addition 
to C having high conductivity and surface area, its hydrophobicity has been modified 
in the ternary nanocomposite to serve as a selective adsorbent in medications. The 
ternary nanocomposite-containing carbon paste electrode showed selective adsorp-
tive properties in addition to the ZnO NPs electrochemical sensor [62]. In the litera-
ture, various conducting polymers have been combined with C. Therefore, Shen et al.
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[63] prepared an electrochemical sensor for dopamine recognition, employing C to 
enable film development and poly(3,4-ethylene dioxythiophene) as the conducting 
polymer and graphene to improve electron transfer. The resulting sensor demon-
strated good sensitivity by the low limit of detection of 0.29 μM for dopamine. 
Zad et al. [56] developed an efficient electrochemical sensor for the recognition of 
fluconazole from biological and tablet samples using a C-polyaniline-Fe3O4-Ni-Pd. 
Due to the coupling of nanoparticles with polyaniline, the electrochemical signal 
was improved. 

5.3.1.2 Electrochemical Sensors Based on Chitosan and Nanomaterials 

Chitosan and gold nanoparticles (AuNPs) are suitable for the preparation of electro-
chemical sensors due to their high absorbance and conductivity. Recently, Diouf et al. 
[64] obtained a new electrochemical sensor based on a screen-printing carbon elec-
trode coated with AuNPs and C for aspirin recognition. The sensor showed good elec-
trochemical performance toward aspirin in biological and tablet samples, compared 
to previously prepared sensors based on carbon paste electrodes modified by ionic 
liquid composite with ZnO nanoparticles [65] or glassy carbon electrodes modi-
fied with graphene [66]. The development of nanocomposite films has been made 
possible by easily modifying the polymer chain of C with NPs. Chitosan nanocom-
posites are extensively employed in sensor design because of their high charge 
transfer and specific surface of nanoparticles. The development of C nanocomposite-
based platforms has led to high sensitivities for the analyte. Thus, Lou et al. [67] 
developed an electrochemical sensor using a glassy carbon electrode modified with 
porous nickel molybdate nanocomposite and chitosan nanosheets for the identifi-
cation of amlodipine. The electrochemical performance of this device was better 
than that of sensors made before, like the gold electrode based on multi-wall carbon 
nanotubes (MWCNTs) [68] or the paste electrode based on graphite and MWCNTs 
[69]. Electrostatic connections among the positively charged amino groups in C and 
the negatively charged carboxyl groups in functionalized MWCNTs permit C to self-
assemble. Based on these electrostatic interactions, Akhter et al. [70] designed an 
electrochemical sensor based on MWCNTs-C-Cobalt for the analysis of paracetamol 
from tablets and human serum samples. Screen-printed electrodes can also be used 
with C nanocomposites. Reddy et al. [71] designed an electrochemical sensor based 
on SPE modified with a conducting film of the C-gold nanocomposite to recognize 
ciprofloxacin in biological samples with a value of micromolar magnitude order as 
a limit of detection.
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5.3.1.3 Electrochemical Biosensors Based on Chitosan 

Real-time and non-invasive determination of glucose in tear fluids holds promise for 
the early detection and treatment of diabetes. Zou et al. [72] developed an elec-
trochemically sensitive biosensor electrode suitable for the eye. Thus, nitrogen-
doped graphene (N-G) was employed as an ophthalmic electrode in a high-
performance intraocular biosensor. The carboxyl-chitosan-functionalized nitrogen-
containing graphene was biocompatible with ophthalmic cells. When the sensor was 
mounted on animals for more than 24 h, it did not hurt them. This shows that it could 
be used in clinics for intraocular applications. 

A single-step bead milling method [73] was presented by Zhang et al. [74] 
to produce N-G for electrochemical biosensors to determine glucose levels. For 
multifunctional applications, Fe3O4 nanoparticles were added to N-G. The three-
dimensional (3D) hybrids were formed from nanoparticle-modified nanosheets. 
When the magnetic properties of the nanosheets and the catalytic activity of the 
nanoparticles are mixed, supplementary benefits are produced in the hybrid mate-
rials. The supplementary benefits include higher active surface areas and improved 
electron transport, which are useful for creating electrochemical sensing devices 
[75, 76]. 

5.3.2 Stochastic Sensors Based on Chitosan 

In biomedical analysis, it is important to develop new highly selective and sensitive 
nanomaterial-based devices that can be obtained at low cost, such as electrochemical 
sensors [77]. Stochastic sensors are a new kind of electrochemical sensor that Bayley 
and Cremer [78] described in 2001. These are described as sensory systems that can 
distinguish between various chemicals using a range of membrane-bound receptors, 
with sensitive ion channels. According to the authors, these sensors have a varied 
series of possible uses, including medication and biomedical screening in addition 
to the detection of biological agents. The only type of sensor that can perform both 
qualitative and quantitative analyses is stochastic sensors, which can be utilized for 
single or panel molecule detection. The reduction of apparatus and sample size (from 
droplet to needle) has made these sensors practical and inexpensive for the rapid 
examination of biological samples. Screening tests based on stochastic sensors are 
becoming a reality and are increasingly used for the fast recognition of a variety of 
illnesses. For screening tests in biological samples such as whole blood, urine, saliva, 
and tissues, microsensors, disposable two-dimensional stochastic sensors, and needle 
stochastic sensors have been designed and proven to be very reliable when used for 
the early diagnosis of viruses [79], diabetes [80], as well as various cancers such as 
the brain [81], gastric [82–84], breast [85], and bladder cancer [86]. Electrochemical 
sensors are valuable biomedical analysis tools. Chitosan in various forms, such as C 
I (which has a low molecular weight), C II (which has a medium molecular weight), 
and C III (which has the highest molecular weight), has been successfully used in
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the development of stochastic sensors, whereby the introduction of a certain amount 
of it has led to improved properties of the modified sensor compared to the bare 
electrode. Researchers have shown that stochastic sensors are better than other types 
of electrochemical sensors in several ways. For example, stochastic sensors can 
recognize biomarkers at the molecular level even in very complex matrices and at 
concentrations in the order of fg mL−1 [81]. The shape of the matrix in which the 
biomarker is found doesn’t affect how the stochastic sensor responds, and accurate 
quantification could be achieved over an extensive range of concentrations with high 
selectivities and sensitivities. 

5.4 Biomedical Applications of Chitosan 

One of the most effective medical techniques now in use, tissue engineering, offers 
hope to millions of people who experience various dysfunctions brought on by 
lesions, illnesses, or trauma. The primary goal of this application is to maintain 
or refine the biological activities of deteriorated tissue to the greatest extent possible 
[87]. This method utilizes the advantages of the scaffold, by providing the cells 
with the necessary support due to its chemical structure. To enhance their capabil-
ities, scaffolds are routinely functionalized with bioactive substances like growth 
factors or antibiotics. Scaffolds for human use are made from diverse raw items, 
including natural or synthetic polymers (calcium carbonate, calcium phosphates, 
bioactive glasses), inducers (such as molecules that have the function of signaling), 
mechanical signals (like hydrogels), and CPs [87–89]. 

Various approaches are used to prepare some materials for bone regeneration that 
can be in the formed from three-dimensional structures that mirror native tissues. 
Porous materials can be impregnated with a variety of chemicals that induce osteo-
conduction. An optimum scaffold must satisfy some criteria to be able to be used 
for human employment: a proper durability, a long-term biocompatibility, high 
bioactivity, good biodegradability, and fitting structure [90, 91]. 

5.4.1 The Potential Uses of Chitosan in Bone Tissue 
Engineering 

A bone tissue engineering (BTE) scaffold is meant to be a short-term mechanical aid 
for the wounded region, and a catalyst for tissue regrowth [92, 93]. For bone ingrowth 
and neovascularization to take place, the structure must be very porous. The scaffold’s 
primary function is to create a surface on which osteoblasts can adhere and grow 
and an environment favorable to the production of extracellular matrix. These bone 
tissue scaffolds can be made out from different forms of metal alloys, nanofibers,
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β-tricalcium phosphate, hydrogels, bioactive glasses, some forms of hydroxyapatite 
like powders, granules [94, 95]. 

Systems for drug delivery and release as well as scaffold components utilize 
natural polymers undergoing enzymatic biodegradation, the pace of which can be 
modified [96]. Biodegradable polymers like poly-lactic-co-glycolic acid/polylactic 
acid (PLA) and polycaprolactone, and other substances such as alginate, gela-
tine, fibrin, collagen, and chitin, together with its derivatives, are among the most 
frequently utilized materials [97, 98]. Most importantly, they need to be used with 
other materials because of their limited durability and rapid degradability [99, 100]. 

Every year, nearly two million bone graft surgeries are performed around the 
world, making bone grafting among the most frequently used treatments for bone 
regrowth. Over the course of last decades, bone tissue engineering has used many 
kinds of bone grafts, but recently the focus has shifted to the biomimetic approach 
in scaffold design [101, 102]. Studies switched to biomimicry and biomaterials 
that activate distinctive biological reaction at the molecular biology stage when the 
fundamental limits of first- and second-generation biomaterials were revealed [102]. 
Natural polymers like glycosaminoglycans (GAGs), collagen, gelatine, C, and fibroin 
are frequently employed in the field of tissue engineering because these particular 
polymers work similar to the extracellular matrix in the body. Natural polymers, 
being essential structural components of living organisms, are highly osteogenic 
and osteoconductive [101] due to their wide spectrum of ligands and peptides that 
promote cell adhesion. 

Chitosan has in common with GAGs a similar structure and chemical composition 
too—an essential part of the extracellular matrix that facilitates cell–cell adhesion 
through its interactions with collagen fibers. During the depolymerization process, C 
produces bioactive chitooligosaccharides that have higher antimicrobial character-
istics. In addition, the monomeric components of C (glucosamine) are metabolized 
or eliminated from the body. Chitosan is a polymer made up of glucose units, it 
can be broken down by the body’s natural processes and is highly biocompatible 
with almost all body tissues. Chitosan has shown high osteoconductivity. It causes 
neovascularization in vivo, as well as proliferation of osteoblast and mesenchymal 
cells [103]. Chitosan is used in different shapes, like films, fibers, sponges, and other 
complex structures, especially for orthopaedic applications. Therefore, C meets most 
of the requirements that are needed for it to be used in tissue engineering [104–106]. 

The basis of bone tissue engineering is the use of a three-dimensional biodegrad-
able polymeric scaffold. The goal of this technique is to encourage the growth and 
remodeling of bone tissue. Because of its inherent qualities, C may be molded into 
a wide variety of structures, including membranes, sponges, fibers, and porous scaf-
folds, all of which are suitable for use in BTE. There are many ways to make scaf-
folds out of C, but only a few of them are usually used. When compared to scaffolds 
made of pure C, scaffolds made from a hybrid that contains C mixed with synthetic
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and/or natural polymers, and even ceramic fragments have been discovered to possess 
superior bioactivity as well as improved mechanical features. 

Bone-tissue engineering applications benefit from the incorporation of additional 
polymers and inorganic components into C, which is then employed in the form of 
3D lyophilized scaffolds, hydrogels/film, and electrospun mats to improve the mate-
rial’s characteristics. The addition of nano-hydroxyapatite (nHAp) to C hydrogel 
membranes resulted in a significant increase in the crystallinity of the composite 
and showed that MG-63 cells might be biocompatible with the material [107]. 
Osteoblast-like MG-63 cells’ ability to adhere to and proliferate on collagen was 
greatly enhanced by using nano-bioactive glass ceramics and nHAp onto C/gelatin 
[108, 109]. The disintegration rate of unmodified C scaffolds was drastically slowed 
by the incorporation of zirconia particles and nanoscale silicon dioxide inside the C 
matrix, and the scaffolds’ capacity to adsorb proteins was greatly improved [110]. 
The bioactivity of a material utilized in BTE is mostly determined by its ability 
to adsorb proteins and undergo biomineralization. Increased apatite deposition by 
including carbohydrate anionic moieties like chondroitin 4-sulfate into the C matrix 
aided in the migration of bone marrow stromal cells and greatly raised the compres-
sive modulus [111]. In addition, placing some diopside fragments (CaMgSi2O6) on  
top of a C matrix increased the term of osteoblast development-specific genes such 
as alkaline phosphatase and type I collagen and showed biocompatibility in a rat 
model that has been used for in vivo studies [112]. When nHAp was combined with 
C, the compressive strength increased by 33.07%, and the proliferation of mouse 
preosteoclast cells (MC3T3-E1) was stimulated [113]. 

Radwan-Pragłowska et al. [114] developed hybrid three-dimensional scaffolds 
capable of stimulating cell responses and incorporating nHAp. After electrospin-
ning PLA and crosslinking C with the assistance of a microwave, they were able 
to successfully create the matrices, which were then doped with distinct forms of 
metallic nanoparticles (gold, platinum, and titanium dioxide) (Fig. 5.2). The physic-
ochemical properties of the substances were examined to characterize the products 
and semi-components. These properties include chemical structure, crystallinity, and 
the degree of swelling.

Techniques like scanning electron microscopy and the transmission electron 
microscopy were utilized in order to investigate the nanoparticles in addition to 
biomaterials. In the final stage of the process, the scaffolds were tested to determine 
both their effect on current-stimulated biomineralization and their bioactivity on the 
MG-63 cells. According to the findings, it is possible to create biomimicking matrices 
that are flexible and offer promise as a resource for bone tissue engineering.
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Fig. 5.2 The general 3D scaffolds’ obtainment strategy and application. Reproduced with 
permission from MDPI [114]

5.4.2 Chitosan’s Potential Uses in Vascular Tissue 
Engineering 

A surgical procedure known as a vascular patch may be required to repair blood vessel 
damage caused by heart disease [115, 116]. Due to the rising incidence of cardio-
vascular problems, vascular surgery is required in a growing number of patients, 
but a severe lack of vascular patches poses a serious risk to their lives [117]. This 
has made the study of vascular patches an immediate concern [118, 119]. In order to 
prevent complications such as thrombosis, inflammation, calcification, or neointimal 
hyperplasia after surgery, vascular patches, which come into touch with blood, must 
be biocompatible on the outside [120, 121]. Researchers have typically relied on a 
single component when treating in order to create a surface of this kind, either the 
original material or a substrate must be used. This is because the procedures that 
are being used have limitations, such as the fact that they are laborious to fabri-
cate and that numerous components are unstable [122, 123]. The biocompatibility 
and endothelialization of single-component-modified vascular patches have been 
improved; however, these patches have not been successful in resolving patient diffi-
culties such as blood clotting before surgery or infection at the surgical site [116]. 
As a result, there is an immediate need for the creation of vascular patches that are 
capable of quickly including and stabilizing a large number of elements. Given these 
circumstances, the layer-by-layer (LbL) self-assembly method suggests fascinating 
new resources for investigation and exploration. 

In the research on artificial vascular prostheses, the emphasis has been placed 
on non-thrombogenic biomaterials, reducing the risk of intimal hyperplasia, having 
physical qualities that are analogous to those of native vessels, and enabling the
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regeneration of endogenous artery tissue. The most recent findings from studies 
on biodegradable polymers have helped illuminate questions about the develop-
ment of artificial vascular prostheses. In particular, when utilized as a vessel with 
a narrow diameter, the biodegradable polymers displayed superior biocompatibility 
when compared to the other synthetic materials. Also, biodegradable polymers can 
help stimulate the growth of new vascular tissue, which will eventually replace the 
artificial conduit [124, 125]. 

Biodegradable polymers [96] may be the optimal answer since they maintain 
luminal patency for an extended period. On the other hand, biodegradable polymers 
are capable of being absorbed during angiogenesis and vascular remodeling. The idea 
that bioabsorbable polymeric stents are employed as vehicles for drug administration 
for suppressing in-stent restenosis was developed further by Zamiri et al. [127]. The 
biodegradable materials are intended to decrease the reaction of inflammation at the 
place of implantation as an addition to enhancing adhesion between blood vessel 
cells (endothelial cells, vascular smooth muscle cells). Chitosan, its derivatives, and 
heparin, because of the highly plastic nature of their chemical composition, all of 
these materials make excellent prospects for the creation of artificial vascular pros-
theses. Because of this, they can work well together, possess desirable biophysical 
properties, and degrade at rates that can be managed, resulting in a consistent set of 
physical parameters across the complete remodeling process [128]. 

Kong et al. [129] created a synthetic vascular prosthesis composing of biodegrad-
able C, heparin, and C derivatives, having a two-millimeter internal diameter and 
varying degrees of crosslinking. Degradation investigations, both in vivo and in vitro, 
an analysis of the reaction to an inflammation process, and scanning with an electron 
microscope were analyses that were carried out on this synthetic vascular prosthesis. 
Results showed that approximately 50% of the prosthesis disintegrated when in vivo 
analysis was performed, and normal tissues took their place. Altering the degree 
to which the synthetic prosthesis is composed of C-heparin, a crosslinking process 
enabled the researchers to exert control over the deterioration process. This type of 
artificial vascular prosthesis works well with the body and can be made so that it can 
be controlled, which you want in a vascular replacement application. Because of their 
high level of biocompatibility, heparin and C are frequently utilized in the process 
of surface modification for biomaterials. Both heparin and chitosan are examples 
of natural polysaccharides. However, C is a polycation while heparin is a polyanion 
[130]. Because it contains a high level of anti-coagulant activity, heparin is popularly 
used in a variety of biomedical utilities. These applications include the prevention of 
blood clots before surgery [131, 132], as well as the inhibition of deep venous throm-
bosis. Chitosan is administered during the preliminary stages of surgical procedures 
in order to reduce the risk of bacterial infection because it has a high anti-bacterial 
ability and is biodegradable in vivo [133, 134]. The combination of heparin and C, 
demonstrated significant aptitude in a range of domains [135–137], involving the 
transport of drugs, the repair of tooth damage, and the treatment of vascular disease. 

Therefore, in their research, Zhang et al. [138] used LbL self-assembly technique 
in order to alternatively deposit heparin and C on decellularized scaffolds (DCS) that 
were previously coated with a layer of polyurethane (PU), the end result being the
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obtaining of some pieces of polyelectrolyte multilayer (PEM) for vascular diseases. 
In order to test how the compatibility of the patches with a human body would 
be, a pig model was used for in vivo testing using some different methods such as 
Doppler spectrum, computed tomography angiography, and B ultrasonography. By 
comparing the PEM patches with the single PU/DCS substrate, the researchers could 
observe that the biocompatibility was changed in a very positive way. The result was 
sustained by other secondary effects such as enhanced resistance to platelet adhe-
sion, a lengthened in vitro coagulation time, and decreased haemolysis rate. Not 
only that, but they also showed an increase in endothelial progenitor cell adhesion 
and proliferation. Computed tomography angiography test revealed that the initial 
PU/DCS substrate obstructed the surgical arteries after only 2 weeks after the implan-
tation was performed; the PEM patches proved instead that they can be used for a 
period up to 5 months, without damaging the arteries. As a consequence of this, the 
PEM vascular patches have demonstrated a considerable amount of promise for their 
potential application in vascular tissue engineering procedures. In addition, the find-
ings of this study demonstrated that there is a method for producing multi-structured 
vascular patches as well as other types of biomaterials that are functional. 

5.5 Concluding Remark and Future Perspectives 

Chitosan is a biopolymer that occurs abundantly in nature and is represented by a 
union comprising physical characteristics, mechanical features, and biological mech-
anisms, and can be found in different practical forms. Thus, it is of great importance 
not only in the biomedical domain, but also for tissue engineering, cell culture, 
bioimaging, drug distribution, and development of tools for fast in vitro and in vivo 
diagnostics and the range can be extended to biotechnology, food industry, antimicro-
bial activities, etc. There are numerous moieties that are both reactive and function 
within a number of functional groups that can be used to modify the C polymer. 
To perform a functionalization or to composite the C, some reactions like addition, 
bonding to microscopic molecules, and even crosslinking can be used. For the func-
tionalization of C, substitution reactions like thiolation and phosphorylation are the 
best reactions to use, while one can take advantage of the numerous crosslinking 
agents available in order to perform a crosslinking reaction without any difficulty. 
Other reactions that C can be involved are carboxylation with alkyl carboxylate, 
methacrylic acid, and, among others, carboxylic acid. Chitosan was readily available 
in numerous ionic forms, including sulfated and cationic. In cell culture, drug trans-
portation, gene shipment, bioimaging, tissue engineering, and anti-bacterial activity, 
the functionalized composites of C or its derivatives are superior to their unfunc-
tionalized counterparts, according to a study of the relevant literature. Thus, it can 
be deduced that composite materials based on C and its derivatives that come in a 
wide range of functional forms are promising contenders for a multitude of employ-
ment. Many fields are beginning to investigate the potential of composite materials 
based on C and its derivatives, but there are still some issues to be resolved before



126 D.-C. Gheorghe et al.

such materials can meet practical requirements. Additionally, challenges in biolog-
ical applications still exist, including those related to drug loading capacity, drug 
release effectiveness, duration of administration, and rate of material degradation. 
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Chapter 6 
Chitosan Nanoparticles: A Potential 
Biomedical Device 

Karolina Jafernik, Magdalena Anna Malinowska, Katarzyna Bialik-Wąs, 
Marta Sharafan, Halina Ekiert, Elżbieta Sikora, and Agnieszka Szopa 

Abstract Chitosan nanoparticles (chitosan-based nanoparticles; chitosan nanos-
tructures; ChNPs) constitute a very interesting and promising group of bio-based 
compounds, which have attracted a lot of attention in the last decades. They are more 
and more commonly used in various biomedical devices, especially in cancer diag-
nostics (fluorescent endoscopic diagnostics, detecting cancer cells), wound dress-
ings, as the glucose detection sensor and the histamine biosensor, in bone tissue 
engineering and dentistry, which are presented in details in this chapter. Such a 
variety of application possibilities is mainly due to the properties of chitosan, which 
is characterized by high biocompatibility, biodegradability, non-toxicity, as well as 
the great potential as nanocarriers encapsulating active substances and providing a 
controlled release process. This chapter presents an overview of ChNPs preparation 
methods, mainly: reversed micelles, emulsification and crosslinking, SCASA, spray
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drying, phase inversion precipitation, ionic gelation, and emulsion-droplet coales-
cence. Offering a lot of benefits, nanotechnology for medical and biomedical science 
has become the foundation for the development and improvement of human life. The 
safety of nanoparticles which can be toxic to the environment, organisms, and cells, 
had to be taken into account in their safety assessment in the biomedical fields. 
According to this, the overall safety of these materials is also evaluated. 

6.1 Introduction 

Nanoscience and nanotechnology are fields that have led to many important break-
throughs in therapeutic areas that can be used in medicine. They are based on nanopar-
ticles (NPs), which are particles between 10 and 100 nm in size that occur naturally 
or are made in a laboratory. They have a wide range of applications, mainly due to 
the easier control, more detailed orientation, and a higher surface-to-volume ratio 
compared to microparticles. In the case of chitosan nanoparticles (chitosan-based 
nanoparticles; chitosan nanostructures; ChNPs) the mean particle size can range 
between 92 and 800 nm. This variation in particle distribution is primarily due to the 
preparation methods. ChNPs are relatively simple and easy to produce. In general, 
we can categorize various chitosan NPs preparation methods, which are presented 
in Fig. 6.1 [1].

When the reversed micelles (microemulsion) method, based on covalent 
crosslinking is used, the average size of ChNPs size will be below 100 nm [1, 2]. If the 
nano-precipitation method is used, the average particle size of ChNPs becomes much 
larger and varies between 600 and 800 nm [1, 3, 4]. Based on the required application 
and needs, researchers can design chitosan NPs with different basic characteristics, 
such as size, stability, drug loading capacity, and retention time. However, everyone 
uses the same biopolymer —chitosan, which is one of the most functional, naturally 
occurring polymer with a very high biodegradability and biocompatibility. This has 
been confirmed by a number of studies. Chitosan belongs to polysaccharides and it 
can be easily obtained by deacetylating chitin, which is the main component of crus-
tacean shells and wall fungus cells. The chemical structure of chitosan is reflected 
in its properties, mainly in its functionality as a carrier. An extremely important 
here is the presence of a primary amine at the C-2 position of glucosamine residues 
[5–7]. From the point of view of the chemical structure, chitosan is a copolymer 
consisting of β-(1 → 4)-2-acetamido-D-glucose and β-(1 → 4)-2-amino-D-glucose 
units (Fig. 6.2) in different proportions and in random sequences [1, 8].

It is observed that scientists focus primarily on the use of ChNPs as biomed-
ical dressings, which have a strong antimicrobial effect. It influences faster wound 
healing, but also allows substances to penetrate into the skin, reducing inflamma-
tory reactions. Dressings based on ChNPs, in addition to accelerating the regen-
eration of difficult-to-heal wounds, are also designed to maintain homeostasis and 
reduce bleeding. ChNPs are very often combined with other antimicrobial NPs, 
such as silver, gold, or copper, which increases antifungal and antibacterial activity.
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Fig. 6.1 Preparatory 
methods of Chitosan 
nanoparticles

ChNPs have also found their application in tissue engineering, especially in bone 
tissue regeneration. Numerous studies confirm the beneficial effect on the regenera-
tion of osteoblasts and supporting other bone-forming mechanisms. Another area in 
which ChNPs are used is anti-cancer diagnostics. Nanostructures are used as carriers 
that bind to cancer cells, influencing their uptake, and thus aid in faster diagnosis. 
ChNPs were also used to develop glucose and histamine biosensors. Also, dentistry 
widely uses ChNPs, using them primarily for their antimicrobial activity [11–17].
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Fig. 6.2 The chemical structure of chitin and chitosan [9, 10]

Despite the many benefits and advantages of chitosan NPs, their safety assessment 
in medical applications should be also considered. Nowadays, scientists are aware of 
the danger, undesirable effects, and harmfulness, which can have components in the 
form of NPs. Studies on the toxicity of ChNPs are still ongoing, but their results are 
not sufficient yet. However, there are indications of their harmful effects at in vitro 
and in vivo levels. Therefore, this issue concerning the safety of chitosan NPs is also 
discussed in this chapter [1, 18]. 

The discussed topic is extremely important due to the growing need to explore new 
possibilities of using natural materials in medicine (as dressings, drug carriers, or 
diagnostic tools). Chitosan is a material that is known, tolerated by the body, and has 
been tested for safety. Chitosan nanoparticles open up completely new possibilities in 
human health and constitute an innovative solution to many existing questions in the 
field of medicine and pharmacy. The presented data will allow us to summarize the 
information gathered so far regarding the use of this material. Significant attention 
should be given to the enormous potential of chitosan nanoparticles, which in the 
coming years will be developed to be used in numerous fields of life science. 

6.2 Methods of ChNPs Fabrication 

As chitosan nanoparticles (ChNPs) are the object of various studies, several 
synthetic methods for preparation of these materials have been tested and devel-
oped. The methods take into account factors such as the particle size, stability, and 
retention time, as well as their loading capacity. Most common, chitosan nanoparti-
cles can be obtained by processes such as precipitation and emulsification, but also 
ionic or covalent crosslinking. The methods can be also be combined. It is difficult 
to indicate which method has the most advantages. However, observations show 
that the methods that are as quick as possible, are the most valuable in terms of the 
production of chitosan nanoparticles for health purposes. These include techniques 
such as spray drying, ionic gelation, and self-assembly [1]. Figure 6.1 presents the
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overall view of the most usable and significant methods of obtaining chitosan NPs, 
which are shortly described below. 

6.2.1 Reversed Micelles 

The reversed micelles (microemulsion) method is the technique that engages cova-
lent crosslinking. In this process, water-in-oil reverse micelle structures are formed 
[2]. The aqueous phase contains chitosan and glutaraldehyde. These components 
are mixed with the organic layer, usually a lipophilic surfactant and an organic 
solvent. Sodium bis (2-ethylhexyl) sulfosuccinate (AOT) and cetyltrimethylammo-
nium bromide (CTAB) are usually used as surfactants, in turn, n-hexane is applied 
as the organic phase [19]. The core of the micelle contains chitosan, and this plays 
the role of a scaffold where ChNPs are formed during crosslinking process. The 
isolation of NPs takes place in three steps: first is the precipitation of surfactant with 
CaCl2, second is the dialysis for the elimination of unreacted substances, and the last 
one is freeze-drying. NPs characterized by a size below 100 nm are obtained by this 
process. This makes them applicable in many fields of medicine, owing to their high 
loading capacity and their ability to sustained release. To avoid toxic substances, 
the preparation procedure can be modified by the use of non-harmful solvents and 
crosslinkers [3]. 

6.2.2 Emulsification and Crosslinking 

Emulsification and crosslinking are the oldest methods for the obtaining of ChNPs. 
This technique uses the amino group of chitosan and the aldehyde group of a 
crosslinking agent [20]. The aqueous phase of the emulsion contains chitosan, and 
the oil phase includes toluene, glutaraldehyde, Span 80, and the crosslinker. Both 
phases are combined while intensive mixing, where the ChNPs are formed after 
crosslinking. The separation of the ChNPs can be done by using various methods, 
e.g., centrifugation, multiple washing steps, or freeze-drying. It is possible to obtain 
ChNPs characterized by uniform size. On the other hand, due to glutaraldehyde 
toxicity, as well as its drug integrity issues, this method is no longer used [1]. 

6.2.3 SCASA 

Supercritical-CO2-assisted solubilization and atomization (SCASA) method which 
is characterized by the safety of use. This “green” technique is a method that does 
not include acids or harmful organic solvents [21]. The process is based on water 
and supercritical CO2. The dissolution of chitosan in water is possible through the
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acidifying effect of pressurized CO2. The disadvantage of this method is the relatively 
high size of the ChNPs and the longtime of chitosan dissolution which takes up to 
48 h. After this step, the chitosan solution is fed to a fluidized bed by a spraying 
nozzle which leads to its atomization. In effect, ChNPs are formed in the drying 
process. They are collected by a filter on top of the fluidized bed [22]. 

6.2.4 Spray Drying 

Spray drying is the process where ChNPs are formed by passing chitosan through the 
aqueous acetic acid solution via a nozzle. The air temperatures range from 120 °C to 
160 °C [23]. As a result, the mixture of chitosan microparticles and NPs is obtained, 
thus the low-size particles fraction needs to be isolated by other methods. The ChNPs 
sizes range from 95 to 358 nm, they are homogeneous and characterized by high zeta 
potential. Adjusting the concentration of the chitosan solution, the size of the nozzle, 
and the molecular weight of the chitosan allows for the control on ChNPs properties 
[24]. 

6.2.5 Phase Inversion Precipitation 

The phase inversion precipitation technique is based on the combination of two 
methods: emulsification and precipitation. The principle of this method is the compo-
sition of the O/W (oil in water) type emulsion. The organic phase which can be 
dichloromethane and acetone and an aqueous solution of chitosan are combined 
in the presence of a stabilizer, e.g., poloxamer. After a high-pressure homogeniza-
tion, nanometer-sized well-dispersed emulsion droplets are obtained. In the last step, 
methylene chloride is separated from the emulsion by low pressure evaporation 
at room temperature. This leads to acetone diffusing out of the droplets and the 
precipitation of ChNPs which is characterized by low sizes and high zeta potential 
[4]. 

6.2.6 Ionic Gelation with Radical Polymerization 

The radical polymerization method combined with ionic gelation is also used 
commonly. This process consists of chitosan gelation and acrylic acid polymer-
ization. Acrylic acid can be replaced by methacrylic acid. The polymerization agent 
used is usually potassium persulphate. The process lasts 6 h and runs at 60–70 °C 
[25]. There are some reagents that needs to be removed after the reaction. Usually, 
they are separated by washing them with water or through dialysis. The substances 
which can be loaded into these chitosan forms can be peptides (e.g., silk), serum
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albumin, and insulin. They are active substances dedicated mostly for oral route 
[26]. Currently, a limited number of applications are available, possibly due to the 
long production process. 

6.2.7 Ionic Gelation 

The ionic gelation technique is one of the most preferred preparation methods for 
bio-based NPs. This method uses a crosslinking reaction that takes place between 
the chitosan amino groups having a positive charge and the negatively charged 
polyanionic groups (e.g., sodium tripolyphosphate) [27]. Chitosan is dissolved in an 
aqueous acidic solution and then the aqueous solution of sodium tripolyphosphate is 
added during intensive stirring. Anionic molecules diffuse into the mixture of posi-
tively charged chitosan molecules. Moreover, crosslinking process starts leading to 
ChNPs formation. After centrifugation and washing processes, chitosan NPs can be 
obtained by drying or freeze-drying. The advantage of this method is safe, there 
are no harmful crosslinkers or toxic solvents used. The process can be carried out 
at room temperature and the final nanoparticle size can be adjusted by changing 
the chitosan/sodium tripolyphosphate ratio. That directly affects drug encapsulation 
efficiency and delivery [28]. 

6.2.8 Emulsion—Droplet Coalescence 

The desolvation process, also called the emulsion-droplet coalescence method is 
based on the coalescence process of two emulsions, both W/O types. This induces 
precipitation of chitosan nanoparticles. The precipitation agent used in this process 
(e.g., NaOH) decreases the solubility of chitosan in an aqueous phase, which leads to 
the formation of small chitosan droplets. The process requires the application of high-
speed homogenization. The continuous phase consists of liquid paraffin and sorbitan 
sesquioleate. The whole process of ChNPs formation includes the following steps: 
centrifugation, washing, and freeze-drying [29]. The particle size ranged from 600 
to 800 nm and they are characterized by the ability of encapsulation of hydrophobic 
active substances. Importantly, the droplet coalescence method is preferable because 
of the usage of various organic solvents [30].
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6.3 Application of ChNPs in Fluorescent Endoscopic 
Diagnostics 

ChNPs have enormous potential to use them in the diagnosis of many diseases, 
including cancer. The methods can be divided into several different groups according 
to the apparatuses applied and the materials used. A lot of studies focus on the 
application of ChNPs in endoscopic diagnostics of fluorescent cancer of the colon and 
oral cavity. Chitosan coupled with active compounds is highly effective in capturing 
cancer cells, which results in faster diagnosis. 

Yang et al. have carried out a series of studies focused on the use of ChNPs in the 
diagnosis of colorectal cancer through fluorescent endoscopy. In the early stages of 
work, they designed oral NPs for encapsulating 5-aminolevulinic acid (5-ALA) to 
mend disclosure of colon tumor cells in vivo. The primary goal was for the NPs to 
be resistant to bacterial uptake in the gastrointestinal tract, which sincerely distorts 
the conclusions of endoscopic observations. Chitosan was used for the study and 
blended with sodium tripolyphosphate (STPP) and 5-ALA to assemble ChNPs and 
ChNPs weighted with 5-aminolevulinic acid (CNA) by adding other pH amounts and 
concentrations of 5-ALA solution. Fluorescence microscopy examination presented 
that CNA can be absorbed by Caco-2 colon tumor cells but presented no absorption 
by Escherichia coli. The conclusion suggests that CNA may eliminate the control 
of normal gut flora and provides a suitable device for fluorescent endoscopic iden-
tification of colorectal tumor cells tested in vivo conditions, bidding researchers to 
further research on ChNPs [11]. 

Yang et al. in the second stage conducted research on the conjunction of ChNPs 
with folic acid for use in endoscopic examinations in the early detection of colorectal 
tumor. In the first research, they combined folic acid with chitosan, while maintaining 
a high affection for colon tumor cells caused by overexpression of the folate receptor. 
ChNPs conjugated with folic acid were developed as a suitable 5-aminolevulinic acid 
carrier to increase the identification of colorectal-type tumor cells in vivo conditions. 
The HT29 and Caco-2 colorectal tumor cell lines were exposed to the activity of the 
resulting molecule. It was found that cancer cells were easier to pick up, prompting 
the research team to continue their research [31]. 

In Yang et al. study, folic acid molecules were conjugated with ChNPs and 
combined with alginate to create high-throughput NPs for the photodynamic detec-
tion of colorectal tumor. ChNPs incorporated into alginate and conjugated with 
folic acid have been found to be the finest vectors for the different delivery of 5-
ALA to the colon for fluorescent endoscopic disclosure. The resulting ChNPs were 
easily absorbed by colon tumor cells via endocytosis via the folic acid receptor. 
The loaded 5-ALA was then discharged in the lysosome, which was promoted by 
the cut-down intensity of interest between chitosan and 5-ALA by the deprotonated 
alginate, producing in higher intracellular accretion of PpIX (protoporphyrin IX) 
for photodynamic detection. The research confirmed the effectiveness of ChNPs for 
fluorescent endoscopic detection [32].
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Yang and other researchers, in addition to work on the endoscopic diagnosis of 
colorectal cancer, also focused on research related to the diagnosis of oral tumor, a 
subtype of neck and head cancer. A high-throughput ChNPs for the photodynamic 
detection of oral cancer was designed. The resulting ChNPs contained succinate-
modified chitosan (SCHI) conjugated to folic acid to produce ChNPs with great 
drug loading efficiency and advanced drug release in cell lysosomes. An experi-
ment was also performed where the resulting complex of ChNPs was loaded with 5-
aminolevulinic acid (5-ALA). Studies have shown that there are no significant differ-
ences between the effects of ChNPs loaded with 5-ALA acid and ChNPs without 
5-ALA. The NPs have been shown to be readily absorbed by oral tumor cells through 
endocytosis via the folate receptor. The release of loaded 5-ALA in the lysosome was 
promoted by the decreased concentration of attraction between ChNPs and 5-ALA 
by deprotonated succinate particle, resulting in higher agglomeration of intracellular 
protoporphyrin IX (PpIX) which was used for photodynamic detection. The results 
obtained present that ChNPs embedded with N-succinyl chitosan. Importantly, if 
conjugated with folic acid, they are a great vector exhibiting the potential for the oral 
delivery of 5-aminolevulinic acid for endoscopic fluorescence detection [33]. 

6.4 Use of ChNPs in Medical Dressings 

ChNPs are characterized by broad antimicrobial action against both fungi and 
bacteria, which has been confirmed by a large number of clinical trials both in vitro 
and in vivo. Biomedical functions of medical dressing include, in particular, antimi-
crobial coatings that promote wound healing, prevent infection, and reduce the rate 
of infectious diseases. This has attracted great interest among researchers in ChNPs, 
which they use to create medical dressings those not only support faster wound 
healing, but also act as occlusion and support the delivery of drugs. ChNPs are most 
often supported by antimicrobial elements such as silver, gold, copper, or zinc, as 
well as with other polymers (e.g., hyaluronic acid), which, like chitosan, show high 
biocompatibility and biodegradability [35–41]. 

Researchers are focusing primarily on creating a dressing that, in addition to its 
antimicrobial action, will contain an active ingredient that will result in faster tissue 
reconstruction, Lin and his team have designed a NPs containing curcumin, acting as 
an active ingredient with anti-inflammatory, antimicrobial wound healing functions, 
combined with tripolar nanocomplex containing poly-γ-glutamic acid, chitosan and 
pluronic using ion gel technology. The nanocomplex decreased inflammation and 
infection of bacteria during wound regeneration. Additionally, in vitro analyzes 
showed a controlled release of curcumin in a prompted model of skin tissue. In vivo 
studies present that chitosan wound dressing containing chitosan/poly-γ-glutamic 
acid/Pluronic/curcumin NPs stimulated neo collagen regeneration and reconstruction 
of tissue [36].
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ChNPs are also used in wound dressings. Sharaf and his team designed a smart 
dressing that allows the release of the drug to accelerate healing. The bandage was 
made of natural materials—ChNPs combined with propolis with cellulose acetate 
nanofibers were used. Research on the cytotoxicity of propolis and chitosan/propolis 
NPs was thoroughly investigated and showed no abnormalities. In addition, a cell 
viability test was carried out—chitosan/propolis NPs introduced into cellulose nanos-
tructures showed cell growth that the level of 89.46%. In vivo analysis implied that 
after 21 days of treatment with loaded nanostructures in an albino mouse model, 
repair of air follicles, epithelial cells, and sebaceous glands in the skin of a burn 
wound took place [41]. 

Many solutions are sought in the case of burn wounds. El-Feky et al. designed 
a dressing closed with ChNPs containing silver sulfadiazine for controlled release 
into a burn wound to control bacterial growth. The dressing was defined in terms of 
physical functions, in addition to the characterization, FTIR, RTG, SEM, and in vitro 
release were used. The dressing turned out to be effective in inhibiting the growth of 
Gram-negative and Gram-positive bacteria as well as Candida fungi strains on the 
wound which was infected [42]. 

Biranje and other scientists set out to develop a biodegradable dressing that would 
accelerate wound healing in necrotic tissue. For this purpose, they used ChNPs, which 
were folded into a porous dressing by means of lyophilization. The designed dressing 
was studied for biodegradability, morphology, pore volume, porosity, and surface 
area. Bigger surface and porosity of the dressing promoted its limited biodegra-
dation through enzymatic action. In vitro analyzes using dermal fibroblasts (HDF) 
confirmed the safety of the dressing for wound healing functions. An in vitro ELISA 
based on human thrombin-antithrombin was also performed, which presented accel-
erated hemostatic activity through greater thrombin stimulation and stable blood clot 
formation. Blood in contact with the dressing contained twice the level of thrombin-
antithrombin. The conclusions indicate the huge potential of the advanced dressing 
to remove necrotic tissues and accelerate hemostasis for efficient and fast wound 
healing [38]. 

Rahimi et al. designed a series of quaternized ChNPs layers blended with great 
potential silver NPs for wound dressing applications. The membranes were prepared 
by the following methods: scanning electron microscopy (SEM), Fourier transform 
infrared spectroscopy (FTIR), X-ray diffraction (XRD), element mapping analysis 
(MAP), and energy dispersive X-ray spectroscopy (EDX). More parameters such 
as swelling ratio, membrane biocompatibility, and blood clotting activity were also 
tested. In addition, the antimicrobial activity of the assembled samples was tested for: 
E. coli, S. aureus, P. aeruginosa, C. albicans, and multi-drug resistant P. aeruginosa



6 Chitosan Nanoparticles: A Potential Biomedical Device 145

as a drug-resistant strain of bacteria. The conclusion presented that the quaternary 
layer of chitosan showed a strong antibacterial effect against all strains. Moreover, 
all nanocomposites showed strong antimicrobial activity. Overall, the results of cell 
proliferation and attachment by MTT and DAPI staining on HFFF cells demonstrated 
the cytocompatibility of nanoparticle membranes. These conclusions indicate that 
engineered bioactive quaternary nanocomposite chitosan membranes can be used as 
wound dressings [48]. 

Tien et al. designed biocompatible fiber scaffolds based on deacetylated chitosan, 
manufactured using high performance blow spinning. Scanning electron microscopy 
analysis showed that the chitosan nanofiber structures had ultra-thin and continuous 
fibers, characterized by the size between 300 and 1200 nm. They had also porous 
structures, strongly interconnected (between 30 and 75% porosity). Imitating partic-
ular characteristics of the extracellular skin tissue matrix. After the treatment of 
the nanofibers after spinning with an aqueous solution of K2CO3, a fibrous struc-
ture with high chitosan concentration was created. Interestingly, it remained in its 
fibrous scaffold integrity for cell culture. The results of the chitosan nanofiber scaf-
fold mechanical properties held various conditions (dry and wet) proved that these 
materials are characterized with strength and durability suitable for dressing imple-
mentation. It is worth to point out, that the wet scaffold underwent significant elastic 
deformation during tensile such that the elongation at break increased dramatically to 
44% of its original length, showing the morphology of the wavy fibers near the break 
point. Culturing normal human skin fibroblast cells on scaffolds for 1 day to 2 weeks 
period days showed that the structures are highly compatible and provide an appro-
priate platform for cell adhesion, viability, and proliferation. The secretion profiles 
of wound healing proteins into the cell culture medium have shown that chitosan 
fibers are promising scaffolds for wound healing applications. Overall, the dense, 
high-porosity fibrous network of chitosan nanofiber structures and their mechanical 
properties shows that they can be used to design and manufacture new materials that 
imitate the cuticle layer of natural leather [49]. 

Cai et al. used magnetic Fe3O4 NPs to improve the antimicrobial and mechanical 
properties of composite chitosan/gelatin (CS/GE) nanofiber membranes. Homoge-
neous Fe3O4/CS/GE nanostructures have been successfully subjected to electro-
spinning. The incorporation of Fe3O4 NPs resulted in a significant improvement 
in mechanical characterizations. The optimal mechanical performance was demon-
strated on nanofiber membranes with Fe3O4/CS/GE, achieving a 155% increase 
in Young’s modulus, a 128% increase in tensile strength, and a 100% increase in 
toughness with CS/GE. The outstanding mechanical reinforcement can be explained 
by the effective filler dispersion and filler-matrix interactions, which ensure effi-
cient load transfer from the CS/GE matrix to the Fe3O4 nanofillers. Additionally, 
thanks to Fe3O4 NP supplementation, the zones of inhibition of E. coli and S. aureus 
were significantly expanded. Overall, nanofiber membranes made of Fe3O4/CS/GE 
composite with developed mechanical functions as well as antibacterial activity can 
be proposed as a dressing material [51].
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Table 6.1 Biomedical dressing using chitosan nanoparticles and their roles in wound healing 

Composition of the dressing Biological activity References 

Tripolier nanocomposite with chitosan, 
poly-γ-glutamic acid, and Pluronic 
combined with curcumin nanomolecules 

• Faster tissue reconstruction 
• Reduce inflammation 
• Reduce bacterion infection 
• Promote neocolagen regeneration 

[36] 

Chitosan and propolis nanoparticles 
with cellulose acetate nanofibers 

• Show cell viability at the level of 
89.46% 

• Repair of hair follicles, epithelial cells, 
and sebaceous glands in the skin of a 
burn wound 

[41] 

Chitosan nanoparticles containing silver 
sulfadiazine 

• Inhibiting the growth of Gram-positive 
and Gram-negative bacteria 

• Antibacterial activity against Candida 
strains 

[42] 

Chitosan nanoparticles • Hemostatic activity 
• Stable blood clot formation 
• Rapid wound healing 

[38] 

Fiber nanoscaffolds with deacetylated 
chitosan 

• Carrying out cell culture (human skin 
fibroblasts) on nanoscaffolds 
(1–14 days) has shown that the 
scaffolds are very compatible 

• Nanoscaffolds provide an appropriate 
platform for cell adhesion, viability, 
and proliferation 

[49] 

Fe3O4 nanoparticles with chitosan and 
gelatin nanofiber membranes 

• Antibacterial activity [51] 

Table 6.1 presents the summary of the ChNPs application in biomedical wound 
dressings. Chitosan nanoparticles have a significant potential as safe and active mate-
rial that can be loaded with various therapeutics according to the activity needed. 
Importantly, it ensures the controlled releasing process of the healing agents. 

6.5 ChNPs as Components of Sensors Used in Biomedical 
Engineering 

As biomedical engineering is gaining importance as a novel treatment tool, it focuses 
on the advantages of biology, medicine, and technology. The application of chitosan 
is a prime example of how these areas can be combined together in the service of 
human health.



6 Chitosan Nanoparticles: A Potential Biomedical Device 147

6.5.1 Application of ChNPs in a Glucose Detection Sensor 

Wang et al. focused on the improvement of a new nonenzymatic glucose sensor, 
which works by electroplating copper-cobalt dendritic nanostructures (Cu-Co NS) 
on a glassy carbon electrode (GCE), which was altered with nanostructures of 
reduced graphene oxide and chitosan (RGO- CHIT). The sensor’s electrochemical 
behavior and electrocatalytic parameters for glucose oxidation were assessed using 
cyclic voltammograms, chronoamperometry, and amperometric method. Analyzed 
to monometallic Cu or Co NS sensors, the bimetallic Cu-Co NS sensor has great elec-
trocatalytic activity against glucose oxidation. The effect of electrodeposition time 
and the scale of Cu2+ to Co2+ in the electrodeposition solution, the electrocatalytic 
effect of the Cu-Co NSs sensor was investigated in detail. The best catalytic activity 
against glucose oxidation can be achieved under advanced conditions: a settling time 
of 2600 s and a molar ratio of Cu2+ to Co2+ of 2:1. The catalytic current density is 
linear to the glucose concentration in the scope 0.015–6.95 mM with a sensitivity of 
1921 μA cm−2 mM−1 and a detection limit of 10 μM. Excellent catalytic activity, 
good sensitivity, and high stability indicate that the newly established dendritic Cu-Co 
NSs/RGO-CHIT/GCE sensor is a promising tool for use as glucose sensors [16]. 

6.5.2 ChNPs as an Element Used in the Histamine Biosensor 

ChNPs were used in the histamine biosensor project. Nontipichet et al. developed a 
histamine biosensor based on a screen-printed prussian blue (PB) carbon electrode 
deposited on multi-wall carbon nanotunnels coated with a macroporous layer of 
compound cryogel with ChNPs (CS-AuNPs Cry). Due to its great specific surface 
area and conductivity, CS-AuNPs Cry has been tested to be a great auxiliary material 
for immobilization with diamine oxidase (DAO). PB acted as a redox mediator, 
promoting electron relocation between hydrogen peroxide and the electrode surface. 
The PB reduction current was measured as DAO catalyzed oxidation of histamine 
releasing hydrogen peroxide. The expected biosensor showed two linear areas: 2.50– 
125.0 μmol L−1 and 125.0–400.0 μmol L−1. The detection check was 1.81 μmol L−1. 
The reproducibility was great (RSD = 5.46%), the operational stability was good, 
the long-term stability was high and the selectivity was excellent. The biosensor 
determined the histamine levels in fish and shrimp with solid recoveries and the 
results accessed definite with the conclusions accessed in the ELISA test [52].
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6.6 ChNPs in Bone Tissue Engineering 

Scientists are also developing methods to use ChNPs in the reconstruction of bone 
tissue. The researchers focused on how ChNPs affect bone. Moradikhah and others 
conducted an experiment to confirm the beneficial effects of CHN on bone tissue. To 
this end, they prepared an alendronate-conjugated ChNPs using a microfluidic cross-
linked device. The study showed that ChNPs approximately enhanced the osteogenic 
emission of hA-MSC and may be a suitable compartment for bone engineering 
nanoscaffolds [53]. 

Other researchers at the head of Saravanan focused on designing nanoscaffolds 
that could be used in bone engineering. For this purpose, they isolated keratin from 
chicken feathers, and then synthesized keratin NPs, which were coupled with a 
chitosan matrix that acts as a scaffold. A lot of studies have been imposed using SEM, 
FTIR, and XRD analyses. The nanoscaffolds in the range had a porous architecture 
that assist in cell infiltration and tissue in growth. The NPs of keratin interacted with 
the chitosan matrix and did not change the semi-crystalline nature of the chitosan 
nanoscaffolds. The biodegradation and adsorption of the nanoscaffolds proteins was 
significantly increased after the addition of keratin NPs. The scaffolds were further 
construct not to be cytotoxic to human osteoblastic cells [54]. 

Ullah et al. conducted an experiment in which they introduced zinc oxide NPs 
into 3D porous chitosan-collagen structures and considered the effect of incorpo-
rating ZnO NPs on the microstructure, biodegradation, mechanical properties, and 
cytocompatibility of three-dimensional porous nanoscaffolds. The effects of incor-
poration of ZnO NPs in the form of three-dimensional porous chitosan-collagen 
scaffolds were investigated by mechanical and swelling tests, and the effect on the 
morphology of the scaffolds was examined microscopically. Cytocompatibility and 
biodegradation tests investigated the effect of the incorporation of zinc oxide NPs 
on the ability of the scaffolds to be used in tissue engineering. The mean pore size 
and the swelling scale of the scaffolds decreased after the introduction of ZnO NPs, 
however, the porosity, tensile modulus, and the rate of biodegradation increased 
after the introduction of zinc oxide NPs. In vitro culture of human fibroblasts and 
keratinocytes presented that zinc oxide NPs facilitate cell adhesion, proliferation, 
and infiltration of 3D porous nanostructures with chitosan and collagen [55]. 

ChNPs are also being tested for their use in cartilage restoration as a biocompatible 
hydrogel scaffold. Li and other scientists conducted a study to evaluate the ability 
of silk fibroin hydrogel scaffolds with the addition of ChNPs to improve cartilage 
defects of the knee joint. In the present study, ChNPs systems incorporated with trans-
forming growth factor-β1 (TGF-β1) and silk fibroin incorporated with bone morpho-
genetic protein-2 were created. The nanocomplexes were developed and character-
ized in terms of size distribution, zeta potential, morphology, and TGF-β1 and BMP-2 
release. Bone marrow stromal cells (BMSC) were co-cultured with the nanocom-
plexes to assess chondrogenesis in vitro using the Kit-8 cell count assay followed by 
in vivo evaluations in a rabbit knee cartilage defect model. The constructed complex
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system was well characterized and presented agreeable biocompatibility. In the pres-
ence of nanocomplexes, they showed normal cell morphology and increased chon-
drogenic capacity both in vitro and in vivo, as evidenced by promoting cell viability 
and mitigating cartilage damage. Thus, the hydrogel advanced in the present study 
cooperates with the chondrogenic capacity of BMSC both in vivo and in vitro by 
releasing TGF-β1 and BMP-2, thus offering a new therapeutic method for repairing 
joints cartilage defects in the knee joints [56]. 

Lin et al. designed a scaffold with nanofiber containing chitosan-stabilized 
bovine serum albumin (BSA) NPs for the delivery of abaloparatide and aspirin 
(ASA). Chitosan-stabilized BSA NPs simulated as a release barrier for encapsulated 
abaloparatide. Polymer nanofibers were made by electrospinning from a complex 
of NPs loaded with abaloparatide, ASA, poly (ε-caprolactone) (PCL), and nanohy-
droxyapatite (n-HA). Scaffolds with NPs and nanofibers were characterized in terms 
of their structure, surface hydrophilicity, degradation, morphology, and drug release 
efficiency. In vitro osteogenesis and in vitro cell adhesion, viability, and proliferation 
were determined to check their osteoinductive activity. The results presented that the 
drugs were successfully confined to nanoscaffolds. Most of the ASA was released 
within 7 days, while abaloparatide was released as well as 30 days. The scaffolds 
with nanofibers loaded with the two drugs increased the proliferation and osteogenic 
differentiation of osteoblasts. These findings indicate that electrospun nanofibers 
with chitosan-stabilized BSA NPs may be effective in bone tissue engineering [57]. 

Wang et al. formulated advanced electrospun nanofibers made up 
of chitosan/polyethylene oxide combined with NPs of silver. Silver NPs were 
synthesized in situ after ultraviolet (UV) with AgNO3 as a precursor and 
chitosan/polyethylene oxide as a reducing and protecting agent, appropriately. 
The obtained fibers presented a homogeneous morphology with silver NPs 
distributed throughout the fiber. Moreover, the fibers presented some tensile strength 
and high antibacterial action against Gram-positive (S. aureus) and Gram-negative 
(E. coli) bacteria. The sustained release of silver NPs from nanofibers can take more 
than 72 h. Silver with chitosan and polyethylene oxide nanofibers presented great 
cytocompatibility [40]. 

Correia et al. in their research proposed combining chitosan (CH) containing 
bioactive glass NPs (BG-NPs) to produce CH/BG-NPs scaffolds which uses 
chitosan’s shape memory properties and the biomineralization ability of BG-NP for 
bone regeneration methods. The addition of sol–gel-prepared BG-NPs to the polymer 
CH matrix enhanced the bioactivity of the nanocomplex scaffold, as evidenced by 
the precipitation of the bone-like apatite layer upon immersion in simulated body 
fluid (SBF). Shape memory tests were shown by immersing the patterns in different 
compositions of water/ethanol mixtures. Dehydration with ethanol allows the fixa-
tion of the temporary shape of the deformed scaffold, which, after absorbing water, 
regains its original geometry. It was presented that the scaffolds have great shape 
memory properties, characterized by a recovery rate of 87.5% for CH and 89.9% 
for CH/BG-NP, and a durability factor of 97.2% for CH and 98.2% for CH/BG-NP 
(for 30% compressive deformation). The usefulness of designs has demonstrated an 
excellent geometric fit of the previously compressed scaffold in the bone defect. The



150 K. Jafernik et al.

conclusions indicate that the developed CH/BG-NPs nanocomposite scaffolds have 
a high potential to purpose in bone tissue engineering [58]. 

6.7 ChNPs in Dentistry 

ChNPs are also used in dentistry mainly due to their strong antimicrobial activity. 
Mousavi et al. focused their research on the use of ChNPs to reduce the growth of 
strains of bacteria and fungi on the surface of flexible linings of tissue conditioners 
in full dentures. The research was carried out by growing bacteria and fungi, and 
then the obtained suspensions were bred for 24 and 48 h, appropriately, with a tissue 
conditioner with ChNPs. The growth amount of the bacterial and fungal microor-
ganisms was measured in the culture medium using a spectrophotometer. Various 
concentrations of ChNPs have been presented to inhibit the growth of microorgan-
isms within 24 and 48 h, suggesting that adding ChNPs to tissue nutrients will reduce 
microbial growth [59]. 

After the effective antimicrobial activity of ChNPs, Mousavi and other researchers 
decided to extend their research on the inhibition of fungal and bacterial growth 
on full dentures. For this purpose, they conducted studies on the antifungal and 
antibacterial activity of silver NPs, zinc oxide, and chitosan on tissue conditioners in 
full dentures. After 24 and 48 h, the growth of three bacteria and one fungus strain 
was examined in six different concentrations of Ag, ZnO, and ChNPs. The NPs were 
synthesized by optical sequestration and validated by scanning electron microscopy, 
X-ray diffraction, and infrared (FTIR) diffraction. The studies presented that C. 
albicans growth was inhibited at a concentration of 2.5%. However, inhibition of 
growth of S. mutans, Enterococcus faecalis, and P. aeruginosa was 5% at both 24 and 
48 h. It was also found that the optimal concentration of NPs for C. albicans is 1.25% 
for both times. On the other hand, the optimal concentration of NPs for S. mutans, E. 
faecalis, and P. aeruginosa was 2.5% for both timescales. The conclusions suggest 
that the complex with Ag, ZnO, and ChNPs inhibited the growth of microorganisms 
in tissue conditioning preparations [60]. 

Scientists are also focusing on the use of ChNPs for root canal treatment. Xiong 
et al. focused on a study to consider the effect of dentin pre-treatment in root canals 
with EDC crosslinking agent (carbodiimide) in combination with ChNPs on the 
bonding quality of fibrous posts in root canals in terms of bond strength, nano-
leakage, quantitative assessment of collagen degradation, and degree of adhesive 
conversion. It was presented that the bonding of ChNPs to dentin in an EDC connec-
tion significantly reduced the degeneration of dentin collagen and enhanced the 
stability of the adhesive bond without compromising the adhesive polymerization 
[61].
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ChNPs also proved to be an auxiliary factor in bone formation when placing 
a dental implant in the accompanying osteoporosis, which adversely affects the 
osseointegration of dental implants. Takanche et al. conducted a study to over-
come implant failure and facilitate osseointegration of dental implants by c-myb 
in ovariectomy-induced osteoporosis (OVX). C-myb is a transcription factor and 
promotes bone formation. Plasmid DNA/c-myb was conjugated to chitosan-gold 
NPs (Ch-GNP/c-myb). The resulting nanocomplex was supposed to promote osteo-
genesis and inhibit osteoclast genesis in MC-3T3 E1 cells. In vivo conclusions in 
rat jaws presented that titanium implants coated with the formed nanocomposite 
expanded the volume and density of the newly formed bone and the osseointegration 
of the dental implant with the bone in a CT scan after OVX-induced osteoporosis. 
The immunohistochemical analysis presented expanded expression of c-myb and 
upregulation of bone morphogenic proteins osteoprotegerin and EphB4, as well as 
downregulation of RANKL by Ch-GNP/c-myb coated titanium implants. Hema-
toxylin and eosin staining expressed new bone formation by Ch-GNP/c-myb coated 
Ti implants. The obtained conclusions demonstrate that the c-myb determined by 
Ch-GNP helps the osseointegration of the dental implant even in the state of osteo-
porosis. C-myb can be used to protect the assimilation of dental implants and the 
therapy of age-related bone destruction [62]. Figure 6.3 represents the summary of 
the ChNPs application in the biomedical field. 

Fig. 6.3 The various applications of ChNPs in the field of medicine
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6.8 Safety Assessment of ChNPs in Medical Applications 

Nanotechnology combines multiple disciplines, such as medicine, chemistry, 
biology, biotechnology, physics, material engineering, modern electronics, and many 
others. From the point of view of biomedical applications, nanotechnology should 
also be related directly to nanotoxicology. It turns out, that ChNPs can be toxic and 
the cytotoxicity effect during in vitro tests, was observed [63, 64]. It was proved 
that the surface area, surface charge, average size, and concentration of ChNPs play 
an important part in their toxicity. In these studies, the zebrafish model was used. 
It occurs that in the case of low concentrations of NPs, apparent toxic effects were 
not observed. However, increasing ChNPs concentrations caused death and malfor-
mation of zebrafish embryos. When a concentration of 40 mg/L for the 200 nm 
ChNPs was used, the mortality was almost 100%. We can conclude that the toxicity 
of ChNPs is concentration, dose, and size dependent. Additionally, the genotoxic 
effect and skin irritation were confirmed. Despite that, ChNPs had an impact on the 
survival rate of mice during in vivo studies, and there are number of benefits to using 
it in biomedicine [65]. ChNPs are promising and relevant components for biomedical 
devices because of their biocompatibility and biodegradability [66]. 

Table 6.2 represents examples of chitosan nanostructures applications in cancer 
diagnosis, tissue engineering, dentistry, and other medical fields, showing the enor-
mous potential of this biomaterial for human health. The table also summarizes the 
mechanism of action of these structures.

6.9 Conclusions 

To sum up, chitosan nanoparticles (ChNPs) are relevant in the preparation and design 
of new biomedical devices. Due to their properties and possibilities for drug delivery, 
they can be used in different biomedical applications, especially in endoscopic diag-
nostics of fluorescent cancer of the colon and oral cavity. Moreover, ChNPs can be 
used in the production of medical dressings, in tissue engineering, and as components 
of sensors and biosensors. It turns out that ChNPs are most often incorporated with 
different components, for example with 5-aminolevulinic acid (5-ALA), folic acid, 
silver sulfadiazine, or transforming growth factor-β1 (TGF-β1). Its excellent biocom-
patibility and its polymer cationic character makes them more and more useful for 
medical application. Thus, ChNPs enriched with different substances will play a 
wide role in various fields of the medical industry, especially cancer diagnosis and 
are a potent tool in human health modern technologies.
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Chapter 7 
Antibacterial Response 
of Nanostructured Chitosan Hybrid 
Materials 

Vellaichamy Mageshwaran, Palanisamy Sivasubramanian, Praveen Kumar, 
and Yalavarthi Nagaraju 

Abstract In recent years, nanotechnology has gained much interest due to its poten-
tial application in different sectors. Among the different nanomaterials, chitosan 
nanoparticles (CS-NPs) and their derivatives were found to have antibacterial prop-
erties. Bio- and nanohybrid materials based on chitosan have been developed for 
corrosion prevention, antimicrobial packaging, and also the removal of harmful 
metal ions. The different nanostructured chitosan hybrid materials having poten-
tial antibacterial application are silver-chitosan, lipid-chitosan, poly (lactic acid)-
chitosan, gold-chitosan and silica-chitosan hybrid. Although CS-NPs exhibit a wide 
range of antibacterial activity, their inhibitory efficiency differs with respect to gram-
negative (G−) and gram-positive (G + ) bacteria. The difference in antibacterial 
action of CS-NPs is due to variations in the chemistry of the cell wall of G (+) and 
G (–) bacteria. The various mechanism of antibacterial activity of hybrid CS-NPs 
is chelation of ions or nutrients, binding with cell wall and cell membrane thereby 
disrupts the stability of the cell and more importantly interruption of DNA/RNA or 
protein synthesis. The various factors influencing antibacterial activity of CS-NPs 
are target bacteria (G (+) or G (−) bacteria), the rate of bacterial growth, molec-
ular weight, concentration, zeta-potential, level of acetylation and pH. Overall, this 
review focuses on different CS-NPs, their mechanism of action, factors influencing 
antibacterial activity against bacteria that cause diseases in plants and animals. In 
addition, the modern procedures and applications of CS-NPs are covered in this 
chapter.
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7.1 Introduction 

Antimicrobial materials are gaining importance in terms of providing antimicrobial 
finishing in the products which can provide clean, safe and protective environment. 
They have been researched for potential usage in a range of settings, including homes, 
businesses, labs and healthcare facilities [1, 2]. The primary purpose of these mate-
rials is to sterilise the medical amenities and apparatus to reduce the number of fatal-
ities caused by hospital-transmitted infections that may spread through linens and 
clothes. An appropriate environment must be created to prevent the spread of infec-
tious illnesses caused by fungus or viruses, [3]. Today, it is still important to ensure 
the products’ microbiological safety while keeping their nutritive and organoleptic 
qualities [4]. To expand the margin of safety and quality, another alternative is to 
utilise antimicrobial packaging. This packaging may lengthen the product’s shelf life 
by preventing the development of microbes on its surface [5]. Therefore, antibacterial 
and antimicrobial systems are crucial for laboratory, residential, marine and certain 
industrial uses in addition to the hospital and healthcare settings [2]. 

Chitosan is a naturally occurring, inexpensive biopolymer. Chitosan is extracted 
from shrimp and crab shells waste. The process of extraction of chitosan and their 
characteristic property is outlined in Fig. 7.1. Due to its novel features for a variety 
of applications, chitosan is gaining interest as a nanocomposite’s matrix [7]. The 
emphasis is on presenting alternative methods for producing embedded or coated 
nanoparticles, shaping methods that have been used (3D printing, electrospinning) 
and new uses for nanocomposite materials in areas such as corrosion prevention, 
tissue engineering, wastewater treatment and medicine. There are several evaluations 
of chitosan as a single substance and its derivatives for various uses. There is, however, 
no research on chitosan as a nanocomposite matrix that explains the potential for 
nanomaterial additions, the interaction of the attached species, and the potential 
applications following the methods to mix chitosan with nanostructures [8].

One of the most cutting-edge research areas is the creation of improved materials 
through the interaction of macromolecules with inorganic species. By employing 
this method, the synthesised hybrid materials can customise characteristics on 
length scales ranging from atomic to microscopic and macroscopic. Recent scientific 
progress has allowed for bio- and nanohybrid materials based on chitosan have been 
developed for corrosion prevention, antimicrobial packaging, and also the removal 
of harmful metal ions [9]. Chitosan has been combined with a number of polymers, 
including polycarbonate, poly (methyl-methacrylate), polysulfide, polystyrene and 
polyaniline. Their usage in a variety of technological domains as biosensors, antimi-
crobial, membrane technology, and packaging, textile industry, and the biomedical 
materials, is made possible by improved material qualities and bioactive capabili-
ties. The range of application of CS-NPs in animal and plant system is illustrated in 
Fig. 7.2. Several approaches have been examined to better understand the antibac-
terial properties of chitosan and also its derivatives. These methods range from the 
initial solution used in agriculture to film structures in the food industry to widely 
utilised medicinal nanostructure materials.
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Fig. 7.1 Extraction of chitin from natural resources and chemical transformation of chitin into 
chitosan. Reproduced with permission from Elsevier [6]

Fig. 7.2 Applications of chitosan nanoparticles. Reproduced with permission from MDPI [10] 

7.2 Nanostructured Chitosan Hybrid Materials 

NPs’ physical characteristics have changed significantly from their initial form due to 
their tiny size. CS-NPs share the benefits of NPs, like increased surface area, quantum 
size effects and their small size [11]. Several techniques, including ionic gelation [12], 
reverse micellar approach, microemulsion, emulsion droplet coalescence and spray 
drying, were used to create CS-NPs. The most successful technique was found to
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be physical crosslinking by ionic gelation. The ion gelation technique makes use 
of the electrostatic contact between a negatively charged group of tripolyphosphate 
(TPP) and a positively charged group of CS. Size as well as surface charge of NPs 
might be altered by varying the ratio of CS to TPP. Additionally, since no chemical 
is involved in the crosslinking process, the negative side effects are diminished. The 
antibacterial activity of several metal ions with CS complexes (CSZn2+ NPs, CS-
Fe2+NPs, CS-Ag + NPs, CS-Mn2+NPs and CS-Cu2+NPs,) has recently improved 
[13]. In addition, hybrid CS-NPs containing lysozyme, protamine, oleic acid-grafted 
chitosan oligosaccharide (CSO-OA) NPs, curcumin NPs and essential oil, among 
others, have all been studied to see how effective they are against microorganisms. 
In comparison to CS alone, polycationic CS-NPs with high density of surface charger 
can converse with bacteria more effectively. Additionally, CS-NPs damage the bacte-
rial cell walls and membranes, which causes internal chemicals to leak out and 
cause the bacteria to die. The size of NPs is influenced by several variables, which 
also have an impact on how well they inhibit bacteria. These comprise the kind of 
bacteria, stage of development, concentration, pH, zeta-potential, MW and DA [14]. 

7.3 Preparation of Hybrid Chitosan Material 

7.3.1 Silver-Chitosan Hybrid 

A method is briefly described here for producing silver nanospheres (AgNS). The 
first step was to combine 55 ml of distilled water, 1 mM AgNO3 in 10 ml and 30 ml of 
5 mMNa3Cit. Then, a pale-yellow dispersion was produced by adding 8 mM NaBH4 

in 1 ml dropwise and liquid when stirring for 10 min at room temperature. In this 
procedure, a flat-bottomed flask containing 20 mM CTAC in 50 ml and 0.1 M AA in 
5 ml was heated for 10 min at 60 °C. The pH was then brought down to 3.1 using 0.1 M 
HCl. The reaction was then allowed to occur for 4 h under natural light by adding 
10 mM CF3COOAg in 500 L and 4.29 mM FeCl3 in 1 ml. The result was a yellow-
green dispersion. After making the dispersions, nanoparticle glues were extracted 
from the supernatants using micropipettes. The centrifugation times for each system 
were 20 min at the proper speed (8000 rpm for AgNS & 4000 rpm for AgNC). Due to 
the AgNS’s tiny size and the fact that smaller nanoparticles require more effort to be 
centrifuged than bigger ones, before centrifuging, the dispersion must be made more 
concentrated by heating. To prevent this behaviour, which is typical of AgNC nano 
inks, Ag nanoparticles must be utilised right away and maintained carefully. This is 
especially true when the dispersion is concentrated, as it is when they are found in 
nano inks. Aluminium cans that had been cleaned, chopped and manually polished 
using a polish made of aluminium oxide were used to create the Al substrates. The 
dried active region of the nanoparticle substrates was then drop cast with 0.125% 
w/vv of chitosan in an acetic acid solution of 1% in 4 L and allowed to dry [15].
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7.3.2 Lipid-Chitosan Hybrid 

The method used to create the nanoparticles was designed by Sonvico et al. [16]. In 
92 ml of deionized water with 0.1% acetic acid, 10 mg of chitosan was dissolved. With 
constant stirring, cisplatin was dissolved in the same solution. Pure ethanol was used 
to dissolve the lipid (25 mg/ml). The medication solution was then gradually mixed 
with drops of the ethanolic solution. Nanoparticles were created using ionic gelation. 
Before being lyophilized, the lipid and chitosan nanoparticles were centrifuged for 
30 min at 10,000 rpm. Six distinct formulations were tested for surface charge, size, 
entrapment effectiveness and drug loading, with the lipid: chitosan ratio varying 
from 5:1 to 60:1. Fluorescent dyes were added to the chitosan solution drop by drop, 
with Rhodamine 123 as well as Rhodamine-PE diluted in ethanol with lipid for cell 
absorption experiments [17]. 

7.3.3 Poly (Lactic Acid)-Chitosan Hybrid 

A fine dispersion of about 100 mg of PLA was made in 10 ml of dichloromethane. 
This mixture was quickly added to 10 ml of 1% acetic acid solution that also 
included 200 mg of PEO and 40 mg of CS. After 15 min of sonication to create 
an emulsion, the liquid was vigorously agitated until all of the organic solvents had 
been evaporated. The nanoparticles were then lyophilized after being precipitated 
by water. Lamivudine-loaded PLA/CS nanoparticle preparation, Hydrophilic drugs 
were encapsulated using the w/o/w emulsion method. An aqueous drug solution 
(2 ml) was initially added to a polymer solution to make a w/o emulsion (100 mg of 
PLA dissolved in 10 ml dichloromethane). The 1% acetic acid solution containing 
40 mg of chitosan and 200 mg of PEO was quickly added to 10 ml of the w/o emul-
sion. The liquid was sonicated for 15 min to produce an emulsion, and then it was 
aggressively churned. The organic solvent was stirred until it had completely evap-
orated. As a result of the incorporation of water, the nanoparticles precipitated and 
were then lyophilized [18]. 

7.3.4 Gold-Chitosan Hybrid 

The process described below was utilised to create the gold nanospheres (AuNS). 
2.5 ml of 10% w/v Na3Cit were added after heating 50 ml of 0.25 mM HAuCl4 to 
boiling. The combination was then allowed to react for 20 min to give off a ruby red 
colour. Finally, a modification work done by Ye et al. was employed to produce gold 
nanorods (AuNR). In this process, a seed dispersion is made by combining, in that 
order, 0.5 mM HAuCl4 in 1 ml, 6 mM NaBH4 in 200 M, along with 0.2 M CTAB 
in 1 ml while constantly stirring at 1000 rpm. Another 30 min of preparation time is
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allotted before the system is put to use. The growth solution, on the other hand, was 
made by adding 0.990 g of CTAB and 15 ml of warm water, mixing them together, 
and letting them cool to ambient temperature. In 10 ml of warm water, 0.0961 g 
of 3MSA was dissolved, and the mixture was then allowed to react with 0.025 g 
of NaOH until the solution became completely clear. 0.6 ml of 4 mM AgNO3 was 
added to the liquid, which was then chilled before the reaction could begin. 25 ml 
of 1 mM HAuCl4 was then added to the dispersion, which resulted in a colourless 
mixture. The mixture was then given 15 min to react before 0.1 ml of 0.064 M AA 
was added. Once 80 l of the Au seed dispersion had been added, the growth fluid 
was again rapidly agitated. The system was allowed to mature for 12 h while not 
being stirred after 1 min, eventually turning dark blue. Following the creation of 
the dispersions, nanoparticle pastes were created by centrifuging each system at the 
appropriate speed (8000 rpm for AuNR and 6000 rpm for AuNS) for 20 min and 
extracting the supernatant with a micropipette. While water was added to the other 
dispersions to a final volume (40 l for AuNS), the wet pellet formed in the case of the 
AuNR was employed as the paste. The pastes were preserved until they were needed 
after being wrapped in aluminium foil. 4 L of the paste was applied to a polished 
Au substrate for AuNS substrates, and it was allowed to cure under normal humidity 
(60%) conditions. After that, the dried active region of the nanoparticle substrates 
was drop cast with 4 L of 0.125% w/v chitosan in 1% v/v acetic acid solution [19]. 

7.3.5 Silica-Chitosan Hybrid 

The mineral silica is made up of silicon and oxygen, the two substances that make up 
most of the earth’s crust. Following changes from what was previously reported that 
it was determined to be possible to produce hybrid materials by combining OCS and 
nSiO2 in an equal mass ratio (1:1) throughout the synthesis process. While beaker B 
had 0.30 g of CMC that had been dissolved in distilled water, beaker A had 1.00 g 
of nSiO2 that had been diluted in 6.65 ml of 1 M NaOH. The CMC solution was 
added to beaker A and agitated for two hours. OCS2/nSiO2, OCS1/nSiO2, along with 
OCS3/nSiO2 were created by progressively adding dropwise the obtained solutions 
of OCS with various molecular weights (OCS1, OCS2, and OCS3) into the mixture 
in beaker. The pH of these combinations was later adjusted to 7 using 1 M HCl. After 
a three-hour stir, they were left at room temperature. In the area of resistance to the 
Phytophthora infestans fungus, the study found that nanohybrid materials performed 
better than their component parts individually, with a concentration of 800 mg/L 
for an OCS2/nSiO2 hybrid material being the minimum concentration at which the 
material entirely prevented Phytophthora infestans growth. This finding not only 
produces a brand-new, eco-friendly substance with special synergistic effects that 
can replace harmful agrochemicals now in use, but it also establishes a new research 
base for further study in environmentally friendly agricultural applications [20].
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7.4 Mechanisms of Antibacterial Activity 

Depending on where the antimicrobial effects of chitosan are most concentrated, its 
mode of action against bacteria can be classified as either intracellular, extracellular 
or both (Fig. 7.3). Chitosan has been found to exhibit antibacterial properties in 
all three of these locations. Due to its frequent inability to pass through cell walls 
and membranes, high-MW chitosan may function as a chelator of significant metals, 
inhibit the extracellular uptake of nutrients and affect cell permeability. These are just 
a few examples of high-MW chitosan’s potential antimicrobial effects. However, low-
MW chitosan affects intracellular functions such as protein/RNA/DNA synthesis and 
mitochondrial activity. Numerous medications contain chitosan and its derivatives, 
which play an ever-increasing role in antimicrobials against gram-positive, gram-
negative and fungal pathogens. Since the first notion by Allan and Hardwiger [8] 
regarding the substance’s broad-spectrum antibacterial activity and huge economic 
potential, scientists have been studying chitosan as well as its derivatives extensively 
due to its antibacterial properties. Investigation on antifungal activity of CS-NPs 
against foodborne as well as soilborne pathogenic fungus in food sector and agricul-
ture, respectively had started 20 years ago [9]. Chitosan and its derivatives antimicro-
bial activity was explored for several microorganisms like algae, fungi, bacteria such 
as Escherichia coli, Staphylococcus aureus, Candida albicans and Actinobacillus 
actinomycetemcomitans [7]. However, its uses as an antimicrobial agent are limited 
by its high molecular weight and limited positive charge.

By transforming primary amine groups into quaternary salts with a continuing 
positive charge, chitosan becomes more active. Recent comparative studies have 
examined the mechanism of action of the antibacterial chitosan. Due to modifica-
tions in the structure of their membranes, various bacteria have varying sensitivity 
levels to antibacterial compounds like chitosan, and antibacterial compounds with a 
positive charge have the potential to harm cell membranes. The impact that chitosan 
has on the cell membrane of bacteria was discovered via research conducted util-
ising electron microscopy on many bacterial strains. As a result, permeability of 
the cell membrane and cytoplasmic component leakage emerge from the interac-
tion between the positive charge glucosamine amine groups (NH3+) as well as the  
negative-charged bacterial cell membranes, which ultimately results in cell death. 
More negatively charged forms of Staphylococcus aureus were shown to be more 
susceptible to chitosan, according to another study. Other hypothesis includes the 
reduced mRNA activity brought on by chitosan’s intranuclear binding to the target 
microorganism’s DNA. In research using a confocal laser microscope to examine 
Escherichia coli, chitooligomers found inside the cells suggested that DNA was 
being down regulated [21]. Mg2+ and Ca2+, two cationic ions crucial to bacterial 
metabolism, may be chelated, may also contribute to chitosan’s antibacterial prop-
erties. Another theory is that chitosan acts as a barrier, keeping bacteria from getting 
nutrients and oxygen. 

However, microbes are thought to be resistant to chitosan, which poses a severe 
threat to its use in medicine and hampers the mode of action due to its congruent
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Fig. 7.3 Mechanism of antimicrobial activity of CS-NPs

molecular size. A reduction in membrane negative charge is consistent with increased 
chitosan resistance among Salmonella typhimurium mutations. The spinnable coating 
of polymer/metal nanocomposites was found to be an excellent material to control 
the bacteria. They recommend a biostatic coating made of a polymer nanocom-
posite containing stabilised copper/silver/gold nanoparticles. There are clear link-
ages between the material’s properties and its biological effects. Chitosan primarily 
creates bio-nanocomposites for various uses, including tissue engineering, medica-
tion delivery, packing, decontamination, gas sensors and cultural heritage preser-
vation. Chitosan, along with silver nanoparticles, exhibits extensive antimicrobial 
activity. The positively charged chitosan-based nanoparticles (CS-NPs) interact with 
the negatively charged cell surface of bacteria resulting in the membrane lysis, cyto-
plasmic discharge, inactivation of enzymes, metabolites, and chelation behaviour 
of nanoparticles, leading to the death of bacterial cells. It was observed in the E. 
coli, Salmonella typhi, Klebsiella pneumoniae, Pseudomonas aeruginosa and Enter-
obacter cloacae. Interaction of AgNPs with internal compounds like phosphorous 
and proteins and sulphur in the cell wall leads to the inhibition of cell respiration as 
well as cell wall division. AgNPs binging with the small subunit of ribosomes (the 
30S) prevents protein translation in E. coli. The mode of action in a variable with the 
cell wall composition of bacteria (Fig. 7.3).
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7.4.1 Gram-Negative Bacteria 

The outer lipopolysaccharide membrane covers a thinner peptidoglycan layer that 
makes up the gram-negative cell wall. Since LPS is often connected to phosphory-
lated groups, gram-negative bacteria are more negatively charged than gram-positive 
bacteria. When the ambient pH is below 6.5, more negatively charged cell surfaces 
enable cationic chitosan to attach to phospholipids. Chitosan was formerly thought 
to be more effective against gram-negative bacteria; however, recent research has 
shown that gram-positive bacteria are actually more sensitive to chitosan. 

The most common antibacterial activity of chitosan is said to include attachment 
to bacterial cell walls having a negative charge, causing cell disruption and changing 
the permeability of membranes. Additionally, binding to DNA prevents DNA repli-
cation, which results in cell death [22]. It has been hypothesised that chitosan acts as 
a chelating agent, willingly binding to trace metal ions to form poisons and inhibiting 
microbial development [23]. For chitosan to be effective against bacteria, its poly-
cationic structure is required. Because the pKa of chitosan is greater than pH of the 
environment as well as its derivatives, there is a lot of electrostatic communication 
between the mostly anionic parts and the polycationic structure of the microor-
ganisms’ surface, like cell surface proteins and Gram-negative lipopolysaccharides. 
This contributes significantly to the antimicrobial effect [7]. Because some deriva-
tives’ grafted groups may alter the chitosan pKa and lead to protonation at a higher 
pH value, the polycationic structure arises needlessly under acidic circumstances 
[24]. As chitosan’s density of positive charges increases, as it does in the case 
of chitosan metal complex and quaternized chitosan, its antibacterial activity will 
increase proportionately [25]. On the other hand, the associated antibacterial activity 
will be diminished or lost if the polycationic characteristic of chitosan is elimi-
nated or reversed. Numerous amino groups may boost antibacterial activity, and in 
addition to protonation, the number of amino groups connected to C-2 on chitosan 
backbone plays a vital role in electrostatic interaction. Therefore, compared to a 
molecule with a lesser DD, native chitosan with a more significant DD has a more 
notable inhibitory impact. The presence of two positively charged sites on asparagine 
N-conjugated chitosan oligosaccharide has also been observed to interact strongly 
with the carboxyl-negative charges on bacterial cell walls [26]. The second attempt to 
increase the number of amino groups by replacing amino with formamidine produced 
guanidinylated chitosan, which was more antibacterial than chitosan [27, 28]. 

The polymer composites supplemented with Ag+ nanoparticles demonstrated an 
effective inhibitory region against S. aureus and E. coli. The interaction between silver 
and the thiol groups in bacterial proteins is thought to be the root of silver’s antibacte-
rial function, according to Ylmaz atay et al. [29]. Due to gram-negative bacteria’s thin 
cell wall layer, the silver nanoparticles made from chitosan exhibit more inhibitory 
action against G(-) bacteria than G(+) bacteria. The interaction between the cationic 
charge of the CS-NPs and the anionic charge of the cell wall, which results in cell lysis 
and prevents the uptake of vital nutrients, is what gives CS-NPs their antibacterial 
properties.
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Instead, high molecular weight (HMW) water-soluble and solid chitosan, espe-
cially bigger size nanoparticles, interact with the cell surface and alter the cell’s 
permeability or form an impenetrable barrier around the cell, which hinders the 
movement of essential solutes into the cell [30]. The same microbial species might 
exhibit noticeable changes in mode of action based on the particles of chitosan 
that have two distinct dimensions, according to experiments done on treatment of E. 
coli with oleoyl-chitosan nanoparticles (OCNP) and CM [31]. The chitosan micro-
spheres displayed a number of different states on the cell surfaces: several were still 
intact, while others were oozing interior contents, and some had already ruptured, 
leaving just the membranes. According to these findings, CMs destroy bacteria by 
preventing them from sticking to the microspheres surface [32]. Chitosan acts on 
surface of the cell rather than full-contact mode which usually happens in a liquid 
state [2]. 

7.4.2 Gram-Positive Bacteria 

Chitosan’s cationic nature enables it to demonstrate exceptional inhibitory action 
against various microbes, including bacteria, fungus and trypanosomes [33]. Posi-
tively charged chitosan molecules may interact with negatively charged microbial cell 
membranes, altering the permeability of the cell wall, and enabling internal contents 
to leak. However, the antibacterial properties of chitosan can be impacted by variables 
including molecular weight, deacetylation level and positive charge concentration. 
Chitosan has been treated with sulfonate or quaternary ammonium groups in various 
studies to boost its antimicrobial action. Antibacterial herbs or enzymes have also 
been added to chitosan-based beads or nanoparticles. A naturally occurring cationic 
antimicrobial peptide (CAP) called protamine mainly comprises fundamental argi-
nine residues. The broad-spectrum antibacterial actions of protamine can kill both 
gram-positive and gram-negative bacteria. Chitosan has been used with protamine 
to deliver heparin, DNA, siRNA, and insulin for intensive insulin therapy and gene 
therapy [34]. 

Teichoic acids found in gram-positive bacteria have a similar negatively charged 
structure as a result of the presence of phosphate groups throughout their composition. 
Although Staphylococcus aureus with the teichoic acid synthesis pathway ablation 
has increased resistance to chitosan, this shows that chitosan’s mode of action is more 
complicated than simple electrostatic interactions. Also, gram-positive bacteria have 
thicker cell walls than gram-negative bacteria, making it more difficult for chitosan 
to connect to the cell membrane directly. The cell wall can be penetrated by certain 
chitosan oligomers (5 kDa), which can then affect protein or DNA synthesis. It’s 
interesting to note that studies have shown that chitosan, which has a molecular 
weight of 50 kDa, may penetrate cell walls and block DNA transcription.
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7.4.3 Antifungal Activity 

Similar to bacteria, it’s thought that chitosan exerts fungistatic rather than fungicidal 
effects on fungi, which might indicate changes in regulatory structure in both the host 
and the fungus. The prevention of spore germination, elongation of the germ tube, 
and radial growth has typically been demonstrated to be successful using chitosan. 
Most of the study has been on yeasts and moulds connected to the degradation of 
plants and food. For these, chitosan stimulates chitinases, which influence vesicular– 
arbuscular mycorrhizal fungi, entomopathogenic fungi, biotrophic and necrotrophic 
mycoparasites, and plant tissue [35, 36]. Due to their branching and unbranded 
polymers and strong cell wall, which prevents cell wall lysis, C. albicans requires 
larger doses of CS-NPs for fungicidal efficacy. N-acetylation, which all of a sudden 
prevents amine groups from changing into protonated forms, dramatically reduces 
chitosan’s ability to suppress the growth of fungi. 

Numerous fungi that cause disease in both plants and people can be killed 
by chitosan. Chitosan’s interactions with cell walls and membranes are primarily 
responsible for its antifungal activities. MICs (Minimum inhibitory concentra-
tions) of chitosan against fungi differs, depending on factors such as solvent pH, 
molecular weight (MW), degree of deacetylation (DDA), and the kind of fungus 
being targeted. It’s probable that higher quantities of unsaturated fatty acids on 
the cell membrane positively correlate with chitosan susceptibility because they 
promote greater membrane fluidity and provide a stronger negative charge on the cell 
membrane. For instance, the quantity of unsaturated fatty acids on the cell membranes 
explains the differences in characteristics between chitosan-sensitive and chitosan-
resistant Neurospora crassa strains. These findings might help explain why Candida 
species, such as Candida albicans, Candida tropicalis and others, exhibit strikingly 
different susceptibilities to the same chitosan, at least partly. Compared to C. albi-
cans, C. tropicalis showed an increase in sensitivity to certain chitosans of more than 
1,000-fold. Like low-MW chitosan inhibits DNA/RNA and protein production by 
penetrating cell walls and surfaces and having antifungal effects outside of cells, this 
ability is a key feature of low-MW chitosan. 

7.5 Factors Affecting the Action 

Several variables, which may be divided into three broad groups: environmental 
factors, chitosan-related factors, and factors influencing different types of microbes, 
might alter the antimicrobial action of chitosan [37]. Species, cell age, intrinsic 
variables and physical properties all have a role in the varying antibacterial efficacy 
of chitosan-based nanoparticles.
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7.5.1 Gram-Negative and Gram-Positive Bacterial Cells 

Chitosan is known to inhibit bacterial and fungal species in very diverse ways. Due 
to their dissimilar cellular compositions, Gram-positive and also Gram-negative 
bacteria need distinct antimicrobial activities that have to be carried out through 
complex mechanisms. Cell membranes of Gram-positive bacteria are made of pepti-
doglycans and teichoic acid, which provide a platform for the action of enzymes 
bound to the cell surface, in contrast to the hydrophilic lipopolysaccharides of Gram-
negative bacteria, which protect the cell from hydrophobic toxins including macro-
molecule penetration. Thus, chitosan seems to have a greater effect in inhibiting G(−) 
than on G (+) bacteria [7]. It is not easy to determine which individual molecules of 
the membrane chitosan affects. It was predicted by Young, Kohle and Kauss [38] that 
the presence of chitosan in the plant cell membrane would cause it to interact with 
polygalacturonate, hence increasing the permeability of the plant cell wall. Addi-
tionally, some studies on bacteria have hypothesised that chitosan electrostatically 
interacts with one of the following components of amino acids found in the membrane 
of Gram-positive bacteria, a variety of lipopolysaccharides on the outer membrane of 
Gram-negative bacteria, which could affect the integrity of cell membrane and infil-
tration rate. In, Pseudomonas aeruginosa membrane receptors bind chitosan deriva-
tives [39]. Teichoic acid, a negatively charged component of Gram-positive bacteria, 
electrostatically interacted with other molecules, including the polycationic chitosan 
macromolecule [40]. The relatively weak antibacterial activity of chitosan on gram-
negative species supports these experiments’ findings since chitosan binding to LPS 
does not compromise the integrity of cell membranes. 

7.5.2 pH 

Environmental pH is one of the primary elements stated above that affects the antimi-
crobial properties of chitosan and its analogs. Acidic pH, as opposed to pH higher 
than 6.5, can greatly dissolve chitosan, creating an appropriate environment for its 
action. This is supported by several results, including the greatly lowered antibac-
terial activity of chitosan at pH 7, which is thought to be caused by the depro-
tonation of amine groups and reduced ability to dissolve. It’s possible that this is 
because of the high rate at which amino groups in alkaline or neutral circumstances 
get uncharged [41]. However, this problem has been solved with newly developed 
chitosan derivatives showing excessive water solubility. Multiple functional groups, 
including carboxyalkyl, quaternary ammoniumyl, extended alkyl chains, guaindinyl 
and thiol, may be introduced into chitosan to change its properties [42].



7 Antibacterial Response of Nanostructured Chitosan Hybrid Materials 173

7.5.3 Temperature 

Chitosan’s activity could also be affected by the temperature at which it is kept. 
According to a study, the chitosan solution held at 4 °C (within 15 weeks) inhibited 
Listeria monocytogenes, Salmonella enterica, Staphylococcus aureus and E. coli 
more efficiently. Low-weight chitosan’s structural characteristics also affect how 
easily it attaches to the cell surface, with short chains having ionic interaction, easier 
mobility and attraction [36]. 

7.5.4 Molecular Weight 

Chitosan’s molecular weight also influences the functionality of the compound, 
i.e., lower the molecular weight, higher the toxicity and vice versa. In addition 
to chitosan’s size, the target organism’s molecular weight significantly impacts 
chitosan’s antibacterial efficacy. Since molecular weights less than 470 kDa inhib-
ited Gram-positive in addition to Gram-negative bacteria growing, E. coli was exclu-
sively inhibited by 470 kDa less than molecular weights [43]. Likewise, chitosan’s 
antibacterial activity was increased by decreased acetylation levels [36]. Amino 
groups are created during the deacetylation process by removing acetyl groups from 
chitin, and they are useful in determining the level of deacetylation that has occurred 
[2]. 

7.6 Applications 

7.6.1 Agriculture 

The potential application of CS-NPs in agriculture as pesticides or herbicides which 
can enhance the yield and food quality are just a few of the numerous uses for 
chitosan that have received in-depth literature reviews [44]. When storing fresh fruits 
like strawberries, jujubes, loquats and longans, compounds based on nano-chitosan 
or chitosan mixed simultaneously with other nanoparticles were used as a preser-
vative. Furthermore, because of its cationic nature, non-toxicity, biodegradability 
and adsorption capabilities, chitosan may be used alone or in conjunction with other 
substances to create slow-release fertilisers as an encapsulating agent [45]. 

Materials derived from naturally occurring substances including chitosan, cellu-
lose and activated carbon, are attractive solutions with cheap costs and excellent 
energy efficiency when looking for sustainable wastewater treatment and water 
purification methods. Chitosan’s crosslinked structure contains a lot of hydroxyl and 
amino groups, which have been widely used in its microstructures, nanoparticles and
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nanocomposites as absorbents to get rid of various inorganic and organic contami-
nants [23]. Since chitosan-based nanoparticles have higher surface areas than their 
microparticles, they are more able to adsorb dyes, insecticides, heavy metal ions and 
phosphate including Hg(II), Pb(II), Cr(III), Cd(II), Cr(VI), Co(II), Cu(II), Ni(II) and 
rare earth metals [46]. Various chitosan nanoparticles are added to the ultrafiltration 
and nanofiltration membranes in several modern membrane-based wastewater treat-
ments to minimise the need for chemical oxygen, colour, metal ions, and to improve 
the antifouling capabilities [47]. 

Chitosan-based nanoparticles were also exploited in the salinity alleviation; in one 
study, the salt stress in maize was regulated by using the nitric oxide (NO) releasing 
chitosan nanoparticles [48]. It has been shown that giving chitosan-polyvinyl alcohol 
hydrogels to tomato plants under salt stress stimulates jasmonic acid (JA) and super-
oxide dismutase (SOD) gene expression [49]. By boosting the synthesis of phenolic 
compounds, osmoregulators, and crop output as well as by encouraging gas exchange 
in leaves, nanochitosans can lessen the impacts of drought stress. 

When applied topically to pearl millet under drought stress, nano-chitosan emul-
sion has been found to improve plant water status by reducing stomatal conductance 
and transpiration [50]. It has been demonstrated that S-nitrosoglutathione (NO donor) 
nano-chitosan may help sugarcane plants recover from drought stress [51]. Wheat 
plants with low water content were treated with chitosan nanoparticles at a dosage of 
90 ppm, which enhanced the plants’ biochemical and physiological traits. A hybrid 
maize species vulnerable to drought stress was shown to be more tolerant of water 
stress when N-succinyl chitosan and NO-dicarboxymethylated chitosan derivatives 
were applied topically, according to Rabelo et al. [52]. 

7.6.2 Biomedical Fields 

Numerous biomedical applications, such as drug delivery, tissue engineering, wound 
healing, gene therapy, and bioimaging and biosensing, have made extensive use of 
nanostructured hybrid materials. The primary factors influencing the choice of these 
materials are the increased precision and effectiveness in medical diagnosis, moni-
toring, and subsequent therapy. Polymer nanocomposites are now being actively 
exploited to provide diverse bioactive compounds for medicine delivery and wound 
healing. Many biomedical applications of polymeric matrices use either synthetic 
polymers such as poly (-caprolactone), acrylic, polylactides, and tyrosine-based poly-
mers, or natural polymers such as alginate, cellulose, and chitosan, or a combination 
of the two. Depending on the intended usage, these nanocomposites are quickly 
processed into different forms. For biomedical usage, nanocomposite hydrogels, 
films, and membranes are frequently strongly advocated. Due to its elastic biological 
and physical characteristics, distinctive adaptability and broad range of applications, 
nanocomposite hydrogels have attracted the attention of material scientists [53]. 
The antimicrobial spectrum of CS-NPs against potential clinical pathogens has been 
illustrated in Fig. 7.4.
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Fig. 7.4 Antimicrobial spectrum of CS-NPs 

Owing to its high affinity for absorbing water, porous shape, lack of toxicity, 
and, most importantly, its capacity to imitate biological processes, the hydrogel is 
generally considered an attractive choice for creating tissue engineering scaffolds 
[53, 54]. But the absence of mechanical and optical qualities in virgin matrix hydro-
gels limits their use [55, 56]. By adding adhesion sites and growth agents to support 
cellular development, the incorporation of nanoparticles overcomes the drawbacks 
of composite hydrogels [57]. Additionally, using nanoparticles enhances the thermal 
characteristics, stimulates stem cell development, and enhances the self-healing 
nature, which permits the creation of implantable scaffolds for tissue engineering. 
The application of nanoparticles increases their applicability in drug administration 
by allowing for more control over the rate of crosslinking and porosity [58]. Nanopar-
ticles may also immediately impact how the hydrogel reacts to outside stimuli like 
electromagnetic radiation, which enables the introduction of orthogonal drugs. 

They were also used for wound dressing, and antibiotics are typically needed 
to prevent microbial infection using conventional wound dressing materials. The 
addition of nanoparticles gave the hydrogels angiogenic, antipathogenic and bio-
adhesive characteristics [59]. According to the information in the previous section, 
including nanoparticles can enhance cell attachment’s mechanical strength and sites, 
enabling high-resolution prints and post-removal cell survival of the nanocomposite 
hydrogels [60].



176 V. Mageshwaran et al.

7.6.3 Textiles 

Ionic gelation is an appealing method for producing chitosan nanoparticles because 
it enables the repeatable creation of NPs with tiny diameters and restricted popula-
tion distribution in a benign environment (such as water) without the need for any 
harmful crosslinking agents or organic solvents. Chitosan NPs are applied in the 
textile industry, where the utilisation is explored for enhancing the braking strength, 
shrink-proof, wrinkle resistance properties and textile dyeing [61]. The CS-NPs are 
known for the interaction of various fabrics and dyes with reduced toxicity and 
provide a larger surface area. 

7.7 Conclusion and Future Perspective 

The potential for antibacterial uses of natural biopolymers like CS is enormous. It is 
possible to create strong, highly active CS-NPs for a range of industrial applications 
by applying the appropriate NP synthesis techniques. When used biologically, CS-
NPs, either by themselves or in intermingling with other elements, inhibits both G(+) 
and G(-) microorganisms. Numerous factors, such as the chemical makeup of CS, 
concentration, pH and particle size, predispose to this bioactivity. In order to establish 
solutions and alternatives to the challenges that both the medical and agricultural 
professions face, in situ research assessments must be completed. The majority of 
the features of in vitro investigations have been made so far. The mechanisms of 
action of CS-NPs against bacteria are not yet fully explored, necessitating continued 
research efforts. Additionally, it is crucial to keep tracking and evaluating the toxicity 
associated with CS-NPs as antibacterial agent, as well as to offer direction for the laws 
and practices surrounding their usage and applications. To fill the information gap 
regarding the antibacterial activity of CS-NPs, the following kinds of investigations 
must be conducted: (1) Examining the mechanisms by which CS-NPs exert their 
antibacterial effects; (2) figuring out why G (-) bacteria are less susceptible to CS-
NPs than G + bacteria; (3) discovering the mechanism by which medium MW-
CS outperforms high MW-CS in killing bacteria and (4) exploring the toxicity and 
method of synthesis for CS-NPs as well as hybrid CS-NPs that incorporate metal 
ions. These investigations are helpful for animal and plant research, as well as the 
creation of a new class of antibacterial drugs. 
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29. H. Yilmaz Atay, İ Yaşa, E. Çelik, Antibacterial polymeric coatings with synthesized silver 
nanoparticles. Synth. React. Inorg. Met. - Org. Nano - Met. Chem. 45, 784–798 (2015) 

30. J.L. Leuba, P. Stossel, Chitosan and other polyamines: antifungal activity and interaction with 
biological membranes. In: Chitin in Nature and Technology (Springer, 1986), pp. 215–222 

31. K. Xing, X.G. Chen, C.S. Liu, D.S. Cha, H.J. Park, Oleoyl-chitosan nanoparticles inhibits 
Escherichia coli and Staphylococcus aureus by damaging the cell membrane and putative 
binding to extracellular or intracellular targets. Int. J. Food Microbiol. 132, 127–133 (2009) 

32. M. Kong, X.G. Chen, C.S. Liu, C.G. Liu, X.H. Meng, Antibacterial mechanism of chitosan 
microspheres in a solid dispersing system against E. coli. Colloids Surf. B Biointerfaces 65, 
197–202 (2008) 

33. M. Sathiyabama, R. Parthasarathy, Biological preparation of chitosan nanoparticles and its 
in vitro antifungal efficacy against some phytopathogenic fungi. Carbohydr. Polym. 151, 321– 
325 (2016) 

34. J. Sheng, H. He, L. Han, J. Qin, S. Chen, G. Ru, R. Li, P. Yang, J. Wang, V.C. Yang, Enhancing 
insulin oral absorption by using mucoadhesive nanoparticles loaded with LMWP-linked insulin 
conjugates. J. Control. Release 233, 181–190 (2016) 

35. A. El Ghaouth, J. Arul, J. Grenier, A. Asselin, Antifungal activity of chitosan on two postharvest 
pathogens of strawberry fruits. Phytopathology 82, 398–402 (1992) 

36. R.C. Goy, D. de Britto, O.B.G. Assis, A review of the antimicrobial activity of chitosan. 
Polímeros 19, 241–247 (2009) 
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Chapter 8 
Chitosan-Based Nanocomposites 
as Efficient Wound Dressing Materials 

Lei Nie, Qianqian Wei, Jingyu Li, Chenxu Zhao, Peng Ding, 
Oseweuba Valentine Okoro, and Amin Shavandi 

Abstract Wound dressings play a key role in wound healing with conventional 
wound dressings typically based on synthetic polymers. These synthetic polymers 
however present several risks such as poor biocompatible and toxicity, which are 
capable of hindering cell proliferation, cell growth and limiting wound closure. These 
synthetic polymers may also be characterized by their high cost. In response to these 
limitations, the use of naturally sourced polymers such as chitosan was proposed. 
This is because chitosan is non-toxic, biocompatible and possesses inherent biolog-
ical properties (i.e. antibacterial effects, antioxidant ability, etc.), which can promote 
wound healing. In this chapter, different types of chitosan-based nanocomposites 
that could be used in the fabrication of wound healing dressings, such as hydro-
gels, cryogel, membranes, gauze, etc. are explored. Furthermore, the main proper-
ties of chitosan-based nanocomposites are summarized, and the specific biomedical 
applications of chitosan-based nanocomposites as wound dressings are discussed. 
In conclusion, future outlooks of chitosan-based nanocomposites, to facilitate the 
efficient design of new-generation wound dressings for wound healing, are also 
included.
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8.1 Introduction 

The skin is the initial barrier that serves to protect the human body from external 
issues or stimuli and maintaining the human body fluids, electrolytes, and nutrients 
[1–3]. When wounds appear after trauma, burns, surgeries, and chronic diseases, 
this barrier is destroyed [4]. It can self-repair spontaneously, but it is not enough 
when facing bigger open wounds, serious burns, and chronic wounds. The wound 
healing process incorporates diverse enzymes, growth factors, and cytokines, which 
can synergistically modulate relevant cell activities to promote the wound closed and 
tissue repair [5]. The wound healing processes include the stages, of homeostasis, 
inflammation, proliferation, and remodeling, which occur successively [6]. 

A common approach to wound treatment is wound dressing with different tradi-
tional dressings like bandages and gauze employed as passive physical barriers for 
wounds. The advanced dressings act as temporary skin alternatives to prevent or 
treat infection, manage exudate release, maintain humidity and actively promote 
wound healing, even reducing scar formation [7]. Wound dressings may be fabricated 
from biocompatible natural biopolymers such as polysaccharides, proteoglycans, 
and proteins [8]. Polysaccharides mainly include heparin, hyaluronic acid, cellulose, 
alginates, chitosan etc. Among them, chitosan (CS), which is an amino polysaccha-
ride and its derivatives have been used extensively employed in tissue engineering 
applications (i.e., wound healing) due to their favorable properties such as biocom-
patibility, antibacterial activity, hemostatic effects, etc. [9–12]. Previous researches 
demonstrated that CS is suitable for wound treatment because of its bioactive abilities 
including promoting collagen deposition, fibroblast proliferation, wound contraction, 
and tissue repair [13–16]. In addition, CS-based wound dressings enhance wound 
healing while also limiting scar formation and healing time. Cai et al. [7] have synthe-
sized hydroxybutyl chitosans (HBCSs) and prepared sponge-like HBCSs dressings 
using freeze-drying, they confirmed that HBCSs promote fibroblast growth, and 
could enable a reduction in the recovery period of wounds compared to CS, when a 
rat model was employed. These favorable effects of the HBCS dressing were due to 
its capacity to enhance epithelialization, collagen deposition, and neovascularization. 

The solubility of CS in water limits its wound healing application. Chemical 
modification of CS is the dominant route to broaden the wound healing use of CS [17]. 
Therefore, introducing other functional groups with antibacterial and antioxidant 
abilities to CS is a predominant method to fabricate chitosan-based wound healing 
materials. To obtain different types of multifunctional chitosan-based materials, the 
methods of its preparation including emulsion-droplet coalescence, cross-linking, 
spray drying, ionic gelation, nanoprecipitation have been used. On the other hand, CS-
based nanocomposites are considered as useful tools to enhance the wound healing 
process due to its drug loading property and high surface area to volume ratio. In 
addition, CS-based nanocomposites could also influence collagen deposition and 
skin tissue regeneration, and the healing progress could also be greatly influenced 
due to nanoparticles could penetrate the wound [18, 19].
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This chapter therefore discusses CS-based nanocomposites for wound healing 
applications with particular emphasis on suitable properties that make them desirable 
for wound healing. 

8.2 Types of the CS-Based Nanocomposites 

8.2.1 Hydrogel 

Hydrogel is a three-dimensional (3D) network structure composed of polymer chains 
that are hydrophilic, such that the structure can retain a substantial amount of water. 
The polymers are either natural or synthetic and may be crosslinked via physical, 
chemical, or polymerization strategies [20–22]. Hydrogels as dressings have been of 
great importance because of their capacity to enhance wound healing via the provi-
sion of a moist environment that reduces the wound-related pains. The hydrogels 
also serve to facilitate wound exudate removal for a cleaner microenvironment and 
gas change. Relying on dynamic covalent linkage, multiple supramolecular inter-
action containing host–guest interaction, van der Waals Force, hydrogen-bonding, 
hydrophobic interaction, electrostatic interaction, and metal–ligand coordination 
have been adopted to form hydrogels to be applied on wounds. Additionally, one-
pot and three-dimensional printing (3D printing) technology are usual strategies to 
fabricate hydrogel dressings [23–25]. 

CS-based nanocomposites hydrogels have been identified as important mate-
rials for wound dressings due to its multi-properties that promote wound healing. 
The nanocomposite hydrogels based on different nanostructures were considered 
a promising approach to prepare hydrogels with appropriate properties for wound 
healing. Four major groups of nanomaterials are used for fabricating nanocomposite 
hydrogels, namely, metal, nanofiber, carbon, and mineral (Fig. 8.1A). At the same 
time, the tissue adhesiveness properties, antioxidant properties, antibacterial proper-
ties, and mechanical properties of CS-based nanocomposites hydrogels needs to be 
considered for effective wound healing (Fig. 8.1B) [26]. Wen et al. [27] fabricated 
a self-healing carboxymethyl cellulose (CMC) hydrogel using a two-step process in 
combination with molding and acidification processes. The obtained CMC hydrogel 
could self-heal, autonomously, under ambient temperature in the absence of external 
stimulus, and the healed hydrogels could be stretched with ~80% of healing efficiency 
after the compressive strength (~2.5 MPa). Yu et al. [11] prepared a hydrogel with 
favorable antimicrobial properties while also having the capacity to sustained drug 
release performance through mixing N-glycosylated chitosan and polyvinyl alcohol 
(PVA) with ofloxacin. The study showed that when the ofloxacin-loaded hydrogel 
was applied to the full-thickness wound on a rat model, a good wound healing ability 
was observed.

CS-based nanocomposites hydrogels as effective wound dressings provide a 
new vision of wound healing that promotes effective skin regeneration. Based on
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Fig. 8.1 A Nanofiber, metal, carbon, and mineral could be used for nanocomposite hydrogels 
fabrication for wound healing. B useful properties of multifunctional wound healing hydrogels. 
Reproduced with permission from Elsevier [26]

the multi-functionalities, CS-based nanocomposite hydrogels displayed potential 
impact as wound healing dressings for wound healing application. However, there 
are still challenges in applying CS-based nanocomposites hydrogels in the future, 
such as in combination with wound monitoring tools, and taking advantage of other 
biomacromolecules such as DNA and keratin. 

8.2.2 Cryogel 

Cryogels with inherent interconnected microporous structure allow the free flow of 
water across the pore structure and possess rapid shape recovery characteristic via 
squeezing out or absorbing water. Cryogels are a highly promising biomaterial [28, 
29] and own hemorrhage ability, antibacterial properties to prevent infections and 
promote wound healing. Additionally, due to the abilities of high-water absorption 
and other functions such as hemostasis, antibacterial or antibiofilm, cryogels are 
suitable for treating wounds due to burns, which may lead to bacterial infection and 
exudate release at the early stage of healing process [30]. 

Li et al. [31] developed a series of cryogel dressings with antibacterial and 
antioxidant properties that could adhere to tissues. These dressings were based on 
polydopamine (PDA) and quaternized chitosan (QCS) to enhance wound healing. 
The prepared QCS/PDA cryogel exhibited multiple properties such as promotion 
of surface hemostasis, favorable antioxidant activity, favorable antibacterial perfor-
mance, etc. In a full-thickness skin defect model, the cryogels showed an improved 
healing effect compared to chitosan sponge and Tegaderm film. In another research,
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Zhao et al. [32] developed a cryogel, composed of glycidyl methacrylate functional-
ized quaternized chitosan (QCSG) and carbon nanotubes (CNT), for noncompress-
ible hemorrhage and wound healing. The cryogel had favorable properties such as 
shape memory hemostatic, conductive, fast recovery, etc. (Fig. 8.2). The developed 
QCSG/CNT cryogel showed improved blood-clotting ability, favorable blood cell 
and improved platelet adhesion and activation compared to gelatin sponge and gauze. 
In addition, QCSG/CNT cryogel displayed favorable hemostatic ability in rabbit liver 
defect lethal noncompressible hemorrhage model. 

Using chitosan and polydopamine (PDA), Zhao et al. [33] also designed cryogels 
(dry) with injectable, blood-absorbing, biodegradability, antioxidant, photo-thermal

Fig. 8.2 A Illustration of glycidyl methacrylate functionalized quaternized chitosan (QCSG) 
and carbon nanotubes (CNT) cryogel dressings synthesis. B Shape memory properties of the 
QCSG/CNT cryogel. C In vivo hemostatic capacity evaluation of the cryogel, including blood loss 
and hemostatic time evaluation. D In vivo wound healing performance of the cryogels assessment 
using photographs and histomorphological images. Reproduced with permission from Springer 
Nature [32] 
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and antibacterial properties, and blood clotting properties. The cryogel dressings also 
showed properties such as improved blood-clotting ability, favorable blood cell, and 
improved platelet adhesion and activation compared to gelatin sponge and gauze. 

8.2.3 Membranes and Nanofiber Membranes 

Membranes and nanofiber membranes have potential as wound dressings due to the 
characteristics of biodegradation, low cost, harmless to life and environment [34]. 
Especially, electrospun nanofiber membranes possesses high porosity with excellent 
pore-interconnectivity, which promote the removal of fluids from wounds, and the 
invasion of exogenous microorganisms could be inhibited due to the high porosity 
and surface area (Fig. 8.3) [35, 36]. A new generation of nanofiber membranes 
as wound dressings to efficiently enhance wound healing process is to combine 
nanomaterials, such as nanocomposite membranes. Alireza et al. [37] fabricated 
cerium-doped bioactive glass (Ce-BG)-loaded chitosan/polyethylene oxide (PEO) 
nanofibrous membranes. The results showed that the swelling and mechanical prop-
erties of chitosan/PEO membranes were increased by the increase of Ce-BG/chitosan 
(w/w) ratio, and the mechanical properties of chitosan/PEO containing Ce-BG were 
similar to skin. The data displayed that the length of chitosan/PEO containing Ce-BG 
was 20% shorter when braking skin tissue, than the required length which increased 
in length by 28.6% after broken. 

He et al. [38] prepared multifunctional nanofibrous membranes as wound dress-
ings via electrospinning quaternized chitosan-graft-polyaniline (QCSP) and poly(ε-
caprolactone) polymer solutions. The nanofibrous wound dressings possess elec-
troactivity, antioxidant, antibacterial and biocompatibility properties. In vivo mouse

Fig. 8.3 Schematic diagram of production and advantages of the nanofiber wound dressing. 
Reproduced with permission from Elsevier [36] 
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full-thickness defect model exhibited the prepared wound dressings significantly 
effect on accelerating the healing process than commercial dressing (Tegaderm™ 
Film). In addition, the dressings including QCSP showed favorable collagen deposi-
tion, granulation tissue thickness, and angiogenesis properties, for enhanced wound 
healing. In another study, Liu et al. [39] prepared a nanofibrous dressing via chitosan 
electrospun nanofibrous material containing Cur@beta-CD/AgNPs nanoparticles 
composed of silver and curcumin. The dressings loaded with dual antibacterial agents 
and possessed synergic effects on effective antibacterial activity and wound healing. 
During the wound healing process, the nanocomposite dressings enhanced collagen 
deposition. Moreover, the chitosan nanocomposite nanofibers dressings presented 
antibacterial and anti-scarring abilities. 

8.2.4 Foam 

Foam dressings possess porous and other desirable physiochemical properties which 
can support cell proliferation and growth as well as skin wound remodeling. Foam 
dressings could provide a moist and incubator-like microenvironment, which is 
crucial for wound healing and minimizes scar formation. Especially, bilayered foam 
wound dressings composed of microporous top layer and highly porous sponge-
like sublayer that helps to reduce dehydration, as well as bacterial penetration 
[40]. Thermoplastic polyurethanes (TPU) have been extensively studied for the 
fabrication of polyurethanes-based wound dressings due to the favorable wound 
healing properties of flexibility, biocompatibility, and permeability [41, 42]. Alek-
sandra et al. [43] produced nanocomposites forms based on TPU and ZnO using 
thermally induced phase separation method (TIPS). The prepared nanocomposite 
forms were found to present antibacterial effects on Gram-positive and Gram-
negative bacteria, confirming that flexible TPU/ZnO nanocomposites foams are 
potential for wound dressings applications. Wang et al. [44] designed the multi-
functional bionanocomposite foams using nanofibrillated cellulose (NFC) to rein-
force a chitosan matrix. The density of prepared nanocomposite foams could be 
controlled by altering the NFC/chitosan (w/w) ratio and solid content. The prepared 
nanocomposite NFC/chitosan foams possessed good biocompatibility. 

8.2.5 Sponge 

The chitosan based sponge is an efficient wound dressing material due to its porosity, 
favorable swelling capacity and antibacterial activity, and rapid hemostatic ability 
[46]. Wu et al. [47] prepared a series of ampicillin-grafted chitosan sponges via 
a green and facile method without any leaching. The sponges exhibited excellent 
biocompatibility with HEK293 cells and good antibacterial properties. At the same
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time, the sponges showed accelerating wound healing efficiency in vivo model experi-
ments. Hu et al. [48] produced a nanocomposite sponge by physically mixing hydrox-
ybutyl chitosan with chitosan to form sponge dressing via vacuum freeze-drying. The 
resulting sponge showed high porosity (~85%) for enhanced water absorption, and 
lower blood-clotting index than sponge made from pure chitosan. In addition, in vivo 
evaluation in Sprague–Dawley (SD) rats confirmed that epithelial cells could attach 
to the composite sponge and penetrate it, and thus could promote wound healing. 

8.2.6 Gauze 

Cotton gauze is characterized by the intrinsic properties of cotton fibers that 
contribute to its usefulness in wound treatment. Gauze refers to a wide range of 
wound dressing products which are categorized based on the fabric construction or 
material composition. Usually, gauze wound dressings are categorized into woven 
and non-woven gauze dressing [49]. Before the 1960s, gauze dressings were used for 
most wounds via absorbing wound exudate and allowing the wound to form an eschar. 
Considering that modern wound dressings require more functions than conventional 
cotton gauze, such as antibacterial and moisture maintaining capabilities, and so 
on. Abbasipour et al. [50] prepared a new cotton gauze sample by impregnating 
gauze with chitosan/Ag/ZnO nanocomposite liquid to achieve modern wound dress-
ings properties using the dip, dry, and cure method. The prepared gauze dressing 
has increased drying time and water absorbency by 78% and 38% respectively. In 
addition, the gauze dressings presented excellent antibacterial efficiency (96% for 
Escherichia coli (E. coli) and 99% for staphylococcus aureus (S. aureus)). Another 
research developed chitosan-based nanocomposite dressings based on salicyl-imine-
chitosan Schiff base. The cotton gauze fabrics were modified with Quat 188 as cation-
izing agent first, then silver nanoparticles (AgNPs) and oxytetracyline hydrochlo-
ride drug were loaded to obtain the cationized cotton gauze fabrics/AgNPs/drug. 
The chitosan was then reacted with salicylaldehyde (SA) via Schiff base reaction 
to produce salicyl-imine-chitosan biopolymer, and coated onto fabrics/AgNPs/drug. 
The results confirmed that the prepared gauze dressings with improved swelling 
rate capacity and antimicrobial ability could be efficiently used as wound healing 
dressings [51]. 

8.3 Properties of the Chitosan-Based Nanocomposites 
as Efficient Wound Dressings 

As efficient wound dressings, chitosan-based nanocomposites can promote the phys-
ical isolation extrudate and the creation of a moist environment, and some basic
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Fig. 8.4 Major functions of smart wound dressings Reproduced with permission from Elsevier 
[52] 

properties should be proposed, including, biocompatibility, antibacterial proper-
ties, hemostasis, and so on. However, with the increase of clinical requirements for 
wound dressings, some advanced functions were discovered, including self-healing, 
adhesive and hemostatic, stimulus-responsive, anti-oxidative and anti-inflammatory, 
conductive, etc. Recently, the researchers developed the smart wound dressings that 
can use smart materials or inbuilt sensors to respond to the wound condition or 
external environment. Different smart wound dressings were developed, such as 
stimuli-responsive wound dressing, dynamic wound dressing, self-removable wound 
dressing, monitoring wound dressing, and biomechanical wound dressing (Fig. 8.4) 
[52]. In this section, some basic properties and advanced functions of chitosan-based 
nanocomposites as wound dressings will be summarized. 

8.3.1 Basic Properties 

Because the wound dressings directly contact wound tissue, the good biocompat-
ibility and non-toxicity are the basic and essential properties for wound dress-
ings. The biocompatibility of dressings is attributed to the biocompatible materials. 
Due to the excellent biocompatibility of chitosan, chitosan-based nanocomposites 
could display good biocompatibility. Bacterial infection hinders wound healing via 
increasing inflammatory reactions for slower wound healing. To reduce the risk 
of wound infections, the wound dressings should possess favorable antibacterial 
property. Currently, the materials such as antibiotic and other antibacterial drugs, 
cationic polymer, inherent antibacterial peptides, inorganic metals and metal oxides, 
and the strategies of photothermal antibacterial and photodynamic antibacterial, were 
introduced into dressings to achieve the antibacterial property [53]. Chitosan-based 
nanocomposites possess endogenous antimicrobial activity against microorganisms.
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Zhao et al. [54], used quaternized chitosan-g-polyaniline and other materials, to 
prepare conductive hydrogel wound dressings characterized by excellent antibacte-
rial activity for cutaneous wound healing. The experiment results showed that these 
hydrogel dressings had great candidates for treating full-thickness skin wound. It 
contributed to the advantages of the quaternized chitosan with good solubility in 
physiological conditions benefitting for forming in situ antibacterial dressings and 
excellent inherent antibacterial activity even in non-acidic environments. 

Since the first step of the wound healing process is hemostasis, hemorrhage control 
is very important for reducing blood loss in trauma emergency conditions [55]. 
Studies have proved that the wound dressing hydrogels endow the hemostatic prop-
erty in two ways, which are relying on the physical sealing and absorbing wound 
extract to enrich coagulation factors [56]. Many studies have found that some cationic 
polymers, anion, metal, silicon-based materials and natural polyphenols such as tea 
polyphenols, can effectively hemostasis. In most situations, hemostasis is often used 
by combining other properties, such as adhesiveness. For bioadhesive and hemostasis 
wound dressing, the hemostasis is provided by sealing the wound which limits the 
risk of wound infection by reducing contact with the external environment [53]. 

It was known that reactive oxygen species (ROS) that are responsible for cellular 
oxidant/antioxidant imbalance are abundant in the damaged wound. Moreover, over-
production of ROS will also destroy the fibroblast activity, which leads to the diabetic 
organ damage, infection, and slow tissue regeneration and wound healing [54, 57– 
59]. Dressings with an antioxidant ability play an important role in eliminating and 
controlling inflammation and are favorable to wound healing. Adding antioxidant 
materials, such as curcumin, dopamine, some conductive polymers, honey, and so 
on, into dressings for eliminating free radicals has gradually become an important 
strategy. 

8.3.2 Advanced Functions 

In the last few decades, several wound dressings with potential commercial and 
clinical applications have been developed. These wound dressing applications are 
however limited, for instance, the current wound dressings are usually applied in a 
one-for-all manner, and are unable to respond to wound environment changes. Based 
on such situations, more and more wound dressings with smart, efficient, advanced 
functions were developed [60]. 

The acceleration of healing using wound dressings may occur in several steps such 
as by triggering and enhancing several or one stage of wound healing, and promoting 
wound contraction [61]. For instance the design of a hydrogel with adhesive proper-
ties composed of a thermosensitive matrix that can respond to temperature changes 
was reported in the literature [62]. The thermosensitive poly(N-isopropylacrylamide) 
(PNIPAM) provides the contraction behavior. Additionally, carbodiimide-mediated 
reactions and the encapsulated silver nanoparticles endow the adhesiveness, and 
favorable mechanical and antibacterial properties. During the healing process, pH,
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temperature, glucose level, oxygen lever, and many other factors could affect wound 
healing, thus, the efficient wound dressings that can respond to these variations can 
positively alter the environment (wound) and thus promote efficient wound healing. 
Zhao et al. [63] developed a chitosan based nanocomposite dressing that could trigger 
glucose release based on the Schiff-base and phenylpyruvate ester reaction. In this 
work, phenylboronate was used to modify chitosan, and then reacted with PVA, at the 
same time, the reactions involving chitosan employed benzaldehyde-capped PEG as 
crosslinker. The prepared hydrogel displayed pH- and glucose-responsive properties, 
and the hydrogel as wound dressing could also facilitate the regulation of the level 
of glucose in the blood which provides an alternative approach for disease therapy 
in combination with wound healing. 

Motional wounds occur in regions associated with motional stress (i.e., stretching, 
rotation, etc.) and require tailored wound dressings such as self-healing wound 
dressing. For instance, a self-healing dressing based on the quaternized chitosan that 
was crosslinked with benzaldehyde-terminated Pluronic F127 (PF127-CHO), was 
developed in the literature [64]. The prepared wound dressing was useful for motional 
skin defects subjected to consistent and significant stretch stress. In addition, the 
prepared dressing is degradable, and thus limits the discomfort of changing dressings 
and possible impairment of the repair. Self-removal wound dressing could also avoid 
these drawbacks. These self-removals wound dressings may incorporate thermosen-
sitive polymers or light-triggered dissolutions. For instance, a wound dressing that 
can be UV triggered was designed and was based on glycol chitosan and PEG-4-(3-
(1-(N-hydroxysuccinimidyl carbonic ester)ethyl)-4-nitrophenoxy)butanoate (PNN) 
[65]. In the study, crosslinking was achieved via the reaction between the amino 
group and the N-hydroxysuccinimide carbonate in Glycol chitosan and PNN respec-
tively under the action of UV light [65]. Even, the prepared dressing can be partially 
removed to retain its pattern while shielding with a patterned tinfoil. 

Recently, the wound dressing that can monitor wound conditions, such as glucose 
level change monitoring, was developed [66, 67]. Wound dressings with monitoring 
ability are desirable in infection control. Wound site infections may lead to the 
variations in conditions (i.e. pH), with these changes enabling the monitoring of the 
wound site for treatments in the early stage. 

8.4 Chitosan-Based Nanocomposites as Wound Dressings 

8.4.1 Treatment of Acute Wound 

The “acute wound” usually refers to the type of wound characterized by the introduc-
tion of injury or damage and a rapid repair process [53]. But it also should be given 
enough attention because it can develop to chronic wound due to delay treatment.
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8.4.2 Treatment of Chronic Wound 

In the healing process, chronic wound may be formed due to many internal and 
external factors of the wound, such as pressure ulcers, infections, diabetes, frequent 
movement of motion wounds (joint, elbows, wrists, nape, and knees), which can 
hinder wound healing [64, 68–72]. 

8.4.2.1 Diabetic Foot Ulcers 

For diabetic patients, the vascular lesions around the lower extremities result in poor 
blood supply to foot wounds, contribute to the poor healing of diabetic foot wounds 
[73]. The treatment of the diabetic foot ulcers is difficult, bringing a very considerable 
health care burden for patients and social health care systems. 

8.4.2.2 Infected Wound 

Infected wound is one of the typical chronic wounds caused by microbial infection, 
which is a significant obstacle to wound healing, finally leading to long-term unre-
paired wound, non-functional scar, and other complications, even death in severe 
cases [74]. Traditional treatment usually uses a large number of antibiotics, finally 
leading serious drug-resistance, which threats the human life and increases the 
burden of treating. Therefore, there are many researchers focusing on the research 
of substitutes for antibiotics and more advanced biomaterials for infected wound. 

Liang et al., using chitosan, carbon nanotubes (CNT), and gelatin-grafted-
dopamine, prepared several antibacterial, conductive, injectable, antioxidant 
composite hydrogel dressings to enhance the infected wounds healing [74]. And 
they also used glycidyl methacrylate functionalized quaternized chitosan and 
gelatin methacrylate and prepared conductive injectable multi-antibacterial hydrogel 
dressings suitable for infectious skin tissue defect repair [75]. 

8.4.2.3 Burns 

In daily life, due to the duration exposure and the total body area exposed to the 
thermal source, burns vary. Moreover, burns are a common hazard in the military 
[76]. It is therefore necessary to find an effective substance to promote and hasten 
burn wounds healing. During the treatment of burns, the clinician’s goal is to provide 
comfort to the patient, speed up proper wound healing in order to minimal scarring, 
and minimize antimicrobial infection to short healing time [77]. 

Cherng et al. [76] using chitosan and gold nanoparticles (AuNPs), prepared 
a series of wound dressings. They clarified that chitosan alone or AuNP-coated 
chitosan dressings represented a prospective therapeutic substance for burn wound
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care because of their excellent hemorrhage and regulation of the expression of genes-
and cytokines/chemokines-related. 

8.4.3 Scarless Wound Healing 

A difference exists in the wound healing processes between adult and fetal in the 
extracellular matrix, inflammatory response, cellular mediators, and gene expression 
profiles. While human embryonic skin wound repair is occurring without scar forma-
tion, the adult suffers from slow healing and scars, which is the result of abnormal 
wound-healing response after skin injury and may bring significant physical and 
psychological impact for adult patients [2, 78–80]. The process of wound healing 
and scarring formation involves many molecular, biological, and mechanical factors 
[78]. Although some current clinical strategies have a little effect in remedying for 
scarring, such as surgical excision, thermal laser treatment, gene therapy, drug appli-
cation, and so on, it is difficult to eliminate scars completely [78, 81]. As a preferred 
wound dressing, except accelerating wound closure and promoting wound healing, 
it’s better that the dressing can reduce the scar formation [54]. 

8.4.4 Wound Monitoring 

During the wound healing process, some parameters are dynamically changing, e.g., 
pH, humidity, temperature, glucose, and uric acid [82, 83]. Then, it is essential 
to monitor wound for better wound management and treatment. Monitoring the pH 
value changes of a wound can get many useful informations about the wound healing. 
The pH of healthy skin is approximately 5–5.5, slightly acidic. On contrary, because 
of the existing of different types of enzymes and bacteria, the infected wound’s pH 
ranges from 7 to 8.5, neutral or slightly basic [84]. Although different pH values may 
benefit wound healing at different healing stages, the mechanism of the dependence 
of wound healing on pH remains unclear. 

Real time monitoring the temperature of a wound is crucial since local temperature 
helps to predict the risk of infection. Wound repair is hindered when the temperature 
of a wound is <33 °C. Due to local congestion and inflammation, the local temperature 
of acute wounds may be >37 °C. Otherwise, it is regarded as a signal of infection when 
occurs a sudden increase in wound temperature [85]. In a word, monitoring wound 
not only simply reflects the wound status but also achieves early diagnosis, infection 
diagnosis, on-demand drug delivery and therapy, even digital remote diagnosis and 
treatment.



194 L. Nie et al.

8.4.5 Personalized Wound Dressings 

Although varieties of wound dressings have been developed, yet there does not 
exist a single dressing that is fully available for treatment of all wounds. Otherwise, 
treatment of certain wound types and patients requires patient-specific antibiotics 
or antimicrobial agents, even patient-specific bioactive materials. These problems 
increase the difficulty of dressing efficiency applied to wounds. Hence, it is necessary 
to achieve personalized dressings for different wound types to enhance healing [4]. 
An idea and emerging strategy to prepare personalized dressings with low cost, high 
precision, customization and effectively is 3D printing. It can combine a variety of 
compositions and bioactive agents to manufacture personalized and multifunctional 
wound dressings. 

Alizadehgiashi et al. [4], prepared 3D-printed multicomponent biocomposite 
hydrogel wound dressings by mixing chitosan methacrylamide, cellulose nanocrys-
tals and some bioactive agents like proteins, small molecules, or nanoparticles. These 
dressings not only can selectively load bioactive agents for controlled release at the 
wound site but also can exhibit varied physiological responses in vivo which is 
potential for personalized treatment of various wound types. 

Considering the complex burns circumstances, it is vital to provide optimal treat-
ment for burn victims who need personalized medicine and dressings. Teoh et al. 
[86] used synthesized chitosan methacrylate as said material with great printability, 
biodegradability, and biocompatible properties to prepare personalized and photo-
crosslinkable hydrogel wound dressings for the treatment of thermal burns by a 3D 
printer. The results showed that these dressings loaded various drugs relevant to the 
treatment of burns and contained different dosages did not significantly influence 
printability. Moreover, the dressings incorporated antimicrobial agents to enhance 
its antibacterial capabilities. In vivo models, the personalized 3D printing hydrogel 
wound dressings containing relevant burns drugs and antimicrobial agents have 
shown great wound healing results with no side effects in the whole healing process. 

8.5 Summary 

Skin is a barrier to protect human body. Once the skin faces serious defects, espe-
cially the extensive full-thickness defect needing longer time to repair, the wound will 
impact people’s life and health severely. Over the past decade, a range of chitosan-
based nanocomposites as dressings with desirable properties are developed, and some 
of them are expected to expand the use in wound healing in combination with disease 
therapy. Although the currently available dressings can provide an excellent environ-
ment to promote wound repair, they still exist some problems limiting their widely 
applications. For example, some dressings need surgical or mechanical separation 
from the wound and this process will cause the second injury of the newly formed 
tissues, leading to wound infection and delaying healing time. And the dressings also
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need add more function to meet wound treatment increasing demand. Overall, the 
emerging challenges will be resolved via the use of multi-disciplinary technologies, 
including nanotechnologies, polymer, tissue engineering, drug delivery, and so on. It 
is believed that the exploration of chitosan-based nanocomposites as efficient wound 
dressing materials will be sustained in the near future, and more dressings would 
promote transition to clinical trials from laboratory work. 
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Chapter 9 
Chitosan-Based Hybrid Dressing 
Materials for Treatment of Diabetic 
Wounds 

Feng Cheng, Jiliang Dai, and Hongbin Li 

Abstract Diabetic wounds are not easy to repair mainly attributed to their compli-
cated wound situation which can lead to the injure wound further infection and even 
death of patients. Chitosan-based hybrid dressing materials have recently attracted 
considerable attention as excellent potential biomedical materials with excellent 
hydrophilicity, absorbability, anti-inflammatory, and antibacterial properties, and 
substantial contribution to tissue repairment and regeneration for treating diabetes 
wounds and accelerating wound healing. In this chapter, we analyze the preparation 
of the chitosan-based hybrid dressing materials, as well as the applications of these 
wound dressing toward diabetes wounds. It is believed that chitosan-based hybrid 
dressing materials will play an essential role in the field of treating diabetic wounds 
due to their unique performances, such as excellent biocompatibility for increasing 
the angiogenesis and collagen deposition, cell proliferation, and promoting the aggre-
gation of growth factors, as well as the antibacterial performance for inhibiting the 
wound inflammation surround the injured wound. The present chapter reveals an 
overall idea regarding the introduction to chitosan-based hybrid dressing materials 
for the treatment of diabetic wounds. 

9.1 Introduction 

Health has always been the heart of people’s concerns. Of all chronic diseases, 
diabetes mellitus (DM) has been proven to be a metabolic chronic disease which can 
cause a great pain and discomfort to patients mainly attributed to the hyperglycemia
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(high levels of glucose in the blood) caused by defective insulin secretion, insulin 
action, or both [1–4]. For the DM patients, the long-term insulin deficiency can 
further affect patient’s organs or tissues and form many complications to threaten 
people health, such as neuropathy [5–7], cardiovascular diseases [8–10], nephropathy 
[11, 12], ocular diseases, and ulcerations [13–15]. Among those the complications of 
DM, the diabetic foot ulcers (DFUs) mainly attributed to the chronic non-healing foot 
ulcerations is considered to be a major health impact [16, 17], which can significantly 
increase the risk of amputation and result from hospitalization of diabetes patients 
[18, 19]. 

Human skin acts as the main defense organ is to be protected from any damage by 
the external environment (such as the pollutants, bacteria, and sharps) in our daily life 
[20–22]. The regular wound injury is always easy to repair and regeneration through 
using the regular wound dressing (such as the pure cotton fabric) to cover the wound 
site to avoid contact with the external environment and protect from wound infection 
[23, 24]. However, the wound treating of the chronic wound result from DM mainly 
includes the following processes: (i) cleaning of the injured wound site, (ii) debride-
ment of necrotic tissue, (iii) using the appropriate wound dressings or antibiotics for 
decreasing the injured wound infection, compression, and (iv) hyperbaric oxygen 
therapy [25–28]. Moreover, the nonhealing of the DM wound mainly due to the 
synergistic effect between extracellular matrix (ECM) degrading protease enzymes 
and disruption of proliferating cells, which can further damage the regeneration of 
the new ECM due to the accumulation of macrophages and inflammatory factors to 
enhance inflammation situation during wound healing of DM [29–32]. Therefore, 
the wound repair and regeneration of the DM need more time than the common 
wound mainly due to the poorly healing wounds easy to pathogen invasion, bacterial 
infection and formation biofilm, and further injury to the surrounding healthy tissue 
[33–35]. 

In order to address the non healing issue of the DM wound, the nature polysaccha-
rides (such as cellulose, chitosan and their modified products, alginate, starch, and 
other natural polymer materials [36, 37]), as biological polymers, have been widely 
researched and modified by various technology to design and fabricate the multi-
functional wound dressing for improving wound healing in chronic wounds [38, 39]. 
Among those natural polymeric materials, chitosan, as a polysaccharide, obtained 
from the shells of crustaceans that has recently received extensive attention as a 
biomedical material, which has been widely selected to design and develop the wound 
dressing with antibacterial performance, hemostasis ability, anti-injection and wound 
healing for various wound repair and regeneration (such as wound injured, wound
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injection, DFU, and other complications) [40–43]. Moreover, due to the absorba-
bility, biocompatibility, low immunogenicity, and ease of production or modification 
of chitosan-based biomaterials, many chitosan-based hybrid dressing materials has 
been designed and developed for the treatment of DM wounds via various strategies 
[44, 45]. Most significantly, chitosan can obviously improve the stem cell differ-
entiation and growth factors release surrounding the injured wound area during the 
progress of the wound repair and regeneration, especially synergy with other polymer 
biomedical materials [46–48]. Due to the insolublity in water, hydrophilic modifica-
tion of chitosan is important to improve the biodegradability of the chitosan-based 
hybrid wound dressing. Therefore, in order to overcome that above-mentioned issues, 
many modified chitosan-based functional materials are further to be developed for 
treating the diabetic wound, such as succinyl chitosan [49], zwitterionized chitosan 
[50], carboxymethyl chitosan [51], N-carboxymethyl chitosan, 5-methyl pyrrolidi-
none chitosan, and N-succinyl chitosan [52]. Therefore, these chitosan-based hybrid 
materials show high potential in designing various wound dressings for chronic 
wound repair and regeneration.

Fig. 9.1 Fabrication of the chitosan-based hybrid materials via various technologies
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With the development of medical processing technology, the wound dressings with 
multi-functional properties are widely applied in clinical trials and wound repair [53– 
55]. According to the actual condition of the wound, the traditional wound dressings 
usually include gauze, bandages, cotton, and tulle used in the surgery operation 
[56–58]. Nowadays, chitosan-based hybrid dressing materials can be designed and 
manufactured in various structure (for examples, films, foams, hydrogels, scaffolds, 
and fibers) to treat the chronic wounds [59–61]. Although dry wound dressings 
(cotton fabrics and gauzes) have been used to cover the initial wound site for a 
long time, however, the traditional dry dressing materials were convenient to adhere 
to the injured wound site. Due to the weak ability to maintain moist environment 
around the wound and even finally cause secondary traumas when need remove from 
the dressing material from the wound area [62–64]. Especially for DM wound, the 
non healing characteristics makes the wound maintain a wet state for a long time 
which not conducive for using dry wound dressing [65, 66]. Based on the current 
efforts for treating the DM wound repair and regeneration, chitosan-based hybrid 
dressing materials hold huge potential to improve the wound nonhealing issues in 
the real clinical operation [67, 68]. This chapter provides key insights into the design 
and fabrication the multi-functional chitosan-based hybrid wound dressing materials 
for DM wound repair and regeneration. Furthermore, this chapter focuses on the 
different chitosan-based hybrid materials reported till date as well as their equipped 
manufacturing strategy for DM wound repair and regeneration (Fig. 9.1 and Table 
9.1).

Table 9.1 Summary of the chitosan-based hybrid materials and their related applications 

Method Base material Composition References 

Chemical modification CS GMA + SBMA [50] 

Chemical modification CMC CMC-g-PVPI [51] 

Blending Chitosan hydrogel Chitosan hydrogel + carbon 
nanotubes 

[75] 

Electrospinning PVA PVA + ZnO + chitosan [88] 

3D printing CS D-(+) raffinose pentahydrate + 
Chitosan 

[78] 

Coating CS Insulin + chitosan [100] 

Blending CS Psi + GLP-1 + DPP4 [104] 

Blending-electrospinning CS + PVA CS + PVA + ANE [108] 

Blending MPC MPC + NT [52] 

Blending CS + HA CS + HA + nAg [116] 

Blending CS CS + AuNPs + insulin [117] 

Blending Chitosan hydrogel α-LA + CS [118] 

Blending Chitosan hydrogel CS + EGF + Ag+ [124] 

Blending Alginate-chitosan Alginate-chitosan + beta-TC-6 [131]
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9.2 Fabrication of Chitosan-Based Hybrid Dressing 
Materials 

Although the chitosan-based hybrid dressing materials have been considered as an 
effective medical product for wound hemostasis, but the non healing performance 
and ease to infection of the DM wounds also are a vital issue that need to be 
addressed [69, 70]. Currently, the chitosan materials have been confirmed that it 
can inhibit the bacteria proliferation and avoid wound bacterial infections mainly 
attributed to the cell membranes of bacterial cells destroyed by electrostatic interac-
tions which could further prevent bacteria from absorbing nutrients from the wound 
tissue [71–74]. However, the anti-bacterial abilities of pure chitosan are limited due 
to the complicated wound of DM. Therefore, to enhance the antibacterial proper-
ties of chitosan-based wound dressing materials, many bioactive materials has been 
selected to modify chitosan to produce chitosan-based hybrid wound dressing. This 
is achieved by using chemical modification [50], blending [75], coating [76], elec-
trospinning [77], 3D printing [78, 79] for developing the multi-functional wound 
dressing materials to meet the requirements of the different patients. The above 
mentioned approach further made it possible to design and produce the chitosan-
based hybrid wound dressing by incorporating the functional agent, growth factors 
and cells into the wound dressing during or after synthesis. 

9.2.1 Chemical Modification 

Firstly, the chitosan derivatives are widely selected to repair chronic wounds due to 
their excellent biodegradability, antimicrobial performance, and substantial contri-
bution to tissue regeneration [65, 80]. To get the desired performance of chitosan-
based wound dressing, chitosan should be functionalized by chemical modification. 
In Lin et al. work, they designed and developed chitosan-based soft membranes 
wound dressing by using zwitterionic copolymers of glycidyl methacrylate (GMA) 
units and sulfobetaine methacrylate (SBMA) segments for treating DM wounds [50]. 
Moreover, Yu et al. also designed and prepared a carboxymethyl chitosan (CMC)-
grafted polyvinylpyrrolidoneiodine (CMC-g-PVPI) microspheres for treating the 
DM wounds [51]. In their work, the CMC was grafted with PVPI to fabricate a 
CMC-g-PVPI microspheres which can have high shearing dispersion into the CMC-
g-PVPI complex hydrogel. In addition, their in vivo results demonstrated that the 
obtained chitosan-based hybrid wound dressing exhibits accelerated wound healing 
efficiency due to the presence of the microspheres on the DM model, which further 
indicates that the CMC-g-PVPI has an excellent ability to promote the repair and 
regeneration of DM wound.
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9.2.2 Coating 

Coating strategy is always considered a relatively easy method to design and develop a 
special functional coating system containing multi-bioactive materials for producing 
the antimicrobial, anti-inflammatory and improving healing wound dressing [81, 
82]. Prakash et al. designed and fabricated a bamboo fiber-based wound dressing 
through a coating solution system which contain the leave extracts of Aloe vera, 
piper betel, and neem leaf [83]. The coating strategy is an effective technology to 
build the multifunctional coating system via mixture the different bioactive medical 
materials. However, the coating strategy also has an unavoidable disadvantage which 
is the unstable characteristics on/into the surface of the traditional wound dressing. 

9.2.3 Blending 

Unlike coating strategy, in order to overcome the unstable performance of the coating 
solution, the chitosan-based materials (powders, hydrogels, and dressings) were 
usually complexed with bioactive molecules, antimicrobial agent or other function 
materials to form the chitosan-based hybrid wound dressing for wound healing, 
which is a relatively simpler strategy [84, 85]. Kittana et al. designed and fabricated 
single-wall or multi-wall carbon nanotubes blended with chitosan-based hydrogel 
dressing for treating the impaired wound healing in diabetic patients, and further to 
resolve the relevantly health problems, such as, bedsores, and extensive burns [75]. 

9.2.4 Electrospinning 

Due to the lack of ability of most antibacterial materials or bioactive medical 
materials for the surface chemical groups modification of the wound dressing, the 
impregnation by coating or blend maybe result in a lower quality drug loading effi-
ciency. On the contrary, the electrospinning strategy may be considered as an appro-
priate method mainly attributed to its unique preparation process for effective drug 
loading [86, 87]. Ahmed et al. designed and fabricated nanofiber mats wound dress-
ings with antibacterial and healing performance which were composed of chitosan, 
polyvinyl alcohol (PVA), and zinc oxide (ZnO) for faster healing of DM wounds 
[88]. In their work, the in vivo wound healing results demonstrated that the obtained 
chitosan/PVA/ZnO nanofibrous membranes can significantly promote wound healing 
than the chitosan/PVA nanofibrous wound dressing without ZnO nanoparticles in the
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DM wound model. However, the green electrospinning solution with low cytotoxicity 
also shows some serious issues need to be further overcome in future. 

9.2.5 3D Printing 

Due to the poor coverage performance of the traditional wound dressing (such as 
cotton fabric, film), especially the planner structure for deep wounds, the three-d 
imensional (3D) structure are important to treat the irregular or complicated wounds. 
3D printing, as the famous additive manufacture technology, also play an important 
role to design and develop the wound dressing with irregular structure and size to 
match the real injured wound condition with various wound depths [89, 90]. In 
Intini et al. work, the 3D chitosan scaffolds were fabricated using an extrusion-based 
3D printer [78], which can effectively maintain the structural distribution of the 
chitosan-based scaffolds. Their research results demonstrated that the designed and 
developed chitosan-based scaffolds can be an appropriate wound dressing to promote 
the wound tissue regeneration than a commercial product at in vivo tests on rat DM 
models, which further confirms that chitosan-based scaffolds have a great potential 
for treating the chronic wounds. 

9.3 Chitosan-Based Hybrid Dressing Materials 
for Treatment of Diabetic Wounds 

As mentioned above, chitosan-based wound dressing is being developed for treating 
diabetic wounds via various technologies, mainly due to their excellently anti-
inflammatory performance during the healing process [91]. In addition, the wet 
condition of the DM wound site obtained from the wound dressing is very important 
to accelerate wound healing and facilitate cell proliferation around the injured wound 
area [92]. As we all known, the chitosan, as excellent functional biomaterials, has 
gained attention as a tissue regeneration scaffold for DM wound healing [93, 94]. In 
addition, the –NH2– and –OH groups of chitosan can provide multi-sites for reacting 
with other active functional groups of other bioactive medical materials (such as the 
bioactive and therapeutic agents, nanoparticles, growth factors and the matched cells 
from the wound site), which further renders chitosan as a potential candidate for 
designing and developing the multi-functional wound dressing via various chemical 
routes and other technologies [95, 96].
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9.3.1 Chitosan-Based Hybrid Dressing Materials Containing 
Anti-Inflammatory Agents for Wound Healing 

With the development of chitosan-based therapies, this multifaceted biomolecule has 
become popular as an anti-diabetic drug and a highly effective drug carrier. Moreover, 
the chitosan loaded drugs can easily adhere to wound site and release various types 
of macromolecules for wound repair and regeneration [97–99]. 

Erel and their team designed and fabricated an insulin-loaded chitosan nanoparti-
cles system encapsulated into the inner phase of a water-in-oil microemulsion system 
for DM wound repair and regeneration [100]. The obtained optimal insulin-loaded 
chitosan nanoparticles improved the absorption of insulin in the gastrointestinal tract 
in in vivo diabetic rats through oral administration. Therefore, the microemulsion 
system may be considered as a potential platform to encapsulate the functionalized 
nanoparticles for improving the adverse effects of subcutaneous insulin administra-
tion. Moreover, the insulin-loaded chitosan nanoparticles could maintain a relatively 
long dosing time after oral administration, which may reduce the frequency of drug 
administration in diabetic patients. However, the intestine’s pH value can accelerate 
the degradation of chitosan which can enhance the release of insulin in the intestine 
and lead have a negative impact on the efficacy of the drug. 

In addition to the insulin loading, the glucagon-like peptide-1 (GLP-1) with antidi-
abetic performance has been confirmed that induces secreting insulin by L cells 
in the gut that is a form of incretin for treating DM wounds [101–103]. Thereby, 
chitosan-based nano/micro materials were selected to stimulate L cell for releasing 
of GLP-1. In the study conducted by Shrestha et al., they designed and developed 
a dual protein-drug delivery system for treating DM wounds [104]. To treat the 
type 2 DM, the mucoadhesive porous silicon (PSi) nanoparticles encapsulated into a 
pH-responsive polymeric chitosan-based nano-system with an antidiabetic peptide, 
GLP-1, and the enzyme inhibitor, dipeptidyl peptidase-4 (DPP4). The nanosystem 
successfully exhibited huge clinical potential for treating DM with a peptide through 
controlled delivery, improved micro-adhesion, and higher intestinal permeability. 
Their results demonstrated that the nanosystem with multi-drug loaded chitosan-
based nanoparticles exhibited excellent intestinal permeability of GLP-1 in in vitro 
intestinal epithelium model which was mainly due to the permeation enhancer effect 
of chitosan and inhibition of GLP-1 degradation by the DPP4 inhibitor. The results 
further also confirmed that the co-therapeutic nanosystem via combining various 
peptides and bioactive materials exhibited huge potential as a novel and multipurpose 
strategy for DM wound repair and regeneration.
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9.3.2 Chitosan-Based Hybrid Dressing Materials Containing 
Bioactive Materials for Wound Healing 

For diabetic wounds, the complexity of wounds and complications seriously affect 
their healing efficiency, therefore, the design and manufacture of the multi-functional 
chitosan-based hybrid wound dressing is necessary to treat chronic wounds in DM 
patients through cell-material interactions [105–107]. Zhang et al. developed a 
chitosan-polyvinyl alcohol (CS-PVA) nanofibrous loaded a bioactive ingredient of 
chinese medicine Pulsatilla, anemoside B4 (ANE) with different contents through 
the blend-electrospinning strategy for repairing the DM wound [108]. Their results 
demonstrated that the developed CS-PVA-ANE composite nanofibrous materials 
have multifunctional properties including the excellent water absorption, bionic 
elastic mechanical performances, and controlled releasing of ANE bioactive mate-
rials, which also exhibited the obviously hemostatic ability to treat the DM wound. 
Moreover, the obtained CS-PVA-ANE nanofiber mats also demonstrated that the 
inflammation of the wounds can be effectively controlled and the wound healing 
time also can be shortened, which shows the excellent wound repair and regeneration 
performance and makes an ideal wound dressing for treating DM wounds. 

In addition, DFUs are a serious complication of DM which characterize as chronic, 
non-healing [109, 110]. Moura et al. designed and developed a chitosan deriva-
tive (5-methyl pyrrolidinone chitosan (MPC))-based hybrid wound dressing for the 
controlled delivery of neurotensin (NT) which can effectively modulate the inflam-
mation in DM wounds repair and regeneration [52]. The results demonstrated that the 
MPC and NT-loaded MPC scaffolds can obviously decrease the wound inflammatory 
and improve wound healing efficiency during the early stages of the wound repair 
which mainly attributed to the potential healing effect of NT on DM wounds. There-
fore, their study provides an effective strategy by combining the chitosan derivatives 
and NT to fabricate a biomedical scaffold for DM wound repair and regeneration 
through regulating the inflammatory response and stimulating re-epithelialization. 
However, the efficacy of the NT-loaded MPC wound dressing, as a therapy for DFUs, 
requires further clinical inflammation. 

9.3.3 Chitosan-Based Hybrid Dressing Materials Containing 
Metal Nanoparticles for Wound Healing 

Currently, loading metal nanoparticles have been considered as an effective method 
to formulate wound dressings with antibacterial activity to treat the DM and improve 
the wound healing effects [111–113]. Among these, the silver nanoparticles (AgNPs), 
gold nanoparticles (AuNPs), zinc nanoparticles (ZnO nanoparticles), and titanium 
nanoparticles are mostly selected to combine with other biomedical materials for 
promoting the wound healing in DM wounds [114, 115].
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AgNPs, as a broad-spectrum antimicrobial material, have received extensive atten-
tion for the injured wound repair and infection prevention. Anisha et al. manufac-
tured an antimicrobial wound dressing with a flexible and porous structure which 
contain chitosan, hyaluronic acid (HA) and nano silver (nAg) for treating DFUs 
wound infection [116]. The results demonstrated that the nanocomposite sponges 
wound dressing have excellent antibacterial performance against the regular bacte-
rial infection from the DM wounds. Therefore, these nanocomposite sponges can 
be used as a potential biomedical product for treating the DFUs wound infection 
by adding the nAg. However, the wound healing process and complications of DM 
wound are extremely complex, and only relying on antibacterial function is insuf-
ficient to completely repair the DM wounds. In addition, the AuNPs also have the 
excellent antibacterial performance for wound repair attributed to their nanoscale 
efficacy, high reactivity to living cells, and good cellular penetration. Bhumkar et al. 
developed novel carriers using insulin loaded chitosan reduced AuNPs for releasing 
insulin to repair the DM wounds [117]. The results implied that the novel drug carrier 
obviously improved pharmacodynamic activity through oral and nasal administra-
tion. Thus, chitosan incorporated AuNPs drug carrier can be considered as a potential 
biomedical material to reduce the blood glucose levels for the DM patients. However, 
the excretion, accumulation, and toxicity of nanoparticles need to be addressed in 
future for proper treatment procedures. 

In addition, Li et al. developed a chitosan-based hybrid hydrogel with metal 
organic frameworks wound dressing loaded α-lipoic acid (α-LA) for treating DM 
wound [118]. In their work, they have confirmed that the chitosan-based hybrid 
hydrogel wound dressing can effectively improve cell proliferation and migration. 
In addition, chitosan-based hybrid hydrogel wound dressing loaded with α-LA 
have higher wound healing efficiency than the hydrogel without α-LA. The results 
further demonstrated that the chitosan-based hybrid hydrogel wound dressing with 
special targeted drugs or bioactive compounds may be considered an appropriate 
method to design and produce the multi-functional wound dressing for the various 
complications of DM. 

9.3.4 Chitosan-Based Hybrid Dressing Materials Containing 
Growth Factors for Wound Healing 

DFUs, as a common DM complication, is a hard-to-heal skin wound with uncon-
trolled deterioration rate mainly attributed to injured metabolism and weak immune 
responses [119, 120]. To effectively repair the DM wound, the biomaterials incorpo-
rated with growth factors have fetched widely attention to solve the problem in the 
wound healing process [121–123].



9 Chitosan-Based Hybrid Dressing Materials for Treatment of Diabetic … 211

To promote the efficiency of DM wound healing, Lee et al. designed and developed 
a chitosan-based hybrid hydrogel wound dressing incorporating silver ions (Ag+) 
and nanoparticle-encapsulated epidermal growth factor (EGF) [124]. Their results 
demonstrated that the chitosan-based hybrid hydrogel wound dressing exhibit an 
excellent antibacterial performance duo to the constituent Ag+, while the encapsu-
lated EGF can obviously promote NIH/3T3 cell proliferation. Therefore, the obtained 
chitosan-based hybrid hydrogel wound dressing with sustained antibacterial and cell 
growth promotion performance can maintain a significantly promote wound healing 
in the DFUs wound. However, more in-depth questions need to be addressed in 
further studies. 

9.3.5 Chitosan-Based Hybrid Dressing Materials Containing 
Cells for Enhanced Wound Healing 

In type 1 DM, the autoimmune disorder is caused by the selective destruction of 
islet cells by the body’s own immune cells [125, 126]. The ideal way to repair 
diabetes is to remove and clean the damaged debris in DM wounds, but it can 
lead to immune suppression, leaving patients susceptible to infections. Transplan-
tation of allogeneic insulin-secreting cells encased in biocompatible microcapsules 
have shown promising results, thus eliminating the need for immunosuppression 
[127, 128]. 

Currently, the microfluidics technology has been considered an effective strategy 
to encapsulate the relative cells into the hydrogel micro-devices for wound healing 
which mainly attributed to its controlled size, shape, and reproducibility [129, 130]. 
In the work conducted by Bansal et al., an alginate-chitosan microcapsules loading 
insulin-secreting beta-TC-6 cells was designed and fabricated for treating Type 1 DM 
[131]. Moreover, their work demonstrated that the chitosan-based microencapsulated 
beta-TC-6 cells allograft can reduce blood glucose levels in the DM mice model for 
5 weeks without immunosuppression. Importantly, the viability of microencapsulated 
β-TC-6 cells in vitro was highly correlated with the maintenance of normoglycemia 
in vivo. The results implied that the obtained transplantation of microencapsulated 
beta-TC-6 cells can be considered as a promising alternative in the treatment of 
Type 1 DM with tolerable immune response. However, the in vivo service life of the 
chitosan-based graft need to further addressed in future. 

9.4 Conclusion 

Chitosan-based hybrid wound dressing materials are a new class of biomedical mate-
rials with potential applications because of their wound repair and regeneration prop-
erties. Out of different fabricate strategies, the designing of hybrid materials for DM
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wound repair and regeneration has achieved a special attention of researchers with 
challenge for solving the hard-to-heal issues of DM wounds. In summary, chitosan-
based hybrid materials provide the possibility to develop the wound dressings for 
treating diabetic wounds, but this is only the front end of the development. With 
further developments of advanced processing technology, we believe that chitosan-
based hybrid medical dressings can be used effectively for repairing and regenerating 
the complex wound for further solving the issue of diabetes wound nonhealing. 
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Chapter 10 
Nanostructured Chitosan Hybrid 
Materials for Tissue Engineering 
Applications 

Dhiman Santra and Mitali Sarkar 

Abstract Chitosan, a natural polysaccharide, is derived from chitin, and has unique 
antimicrobial activity, along with biodegradability, and biocompatibility. On chem-
ical modification chitosan develops additional functional properties that are utilized 
in fabrication of a variety of biomaterials for biomedical applications, drug delivery, 
regenerative medicine, tissue engineering etc. In recent times there is an enormous 
development in the synthesis of chitosan-containing scaffolds, in form of gel, sponge, 
particle, film, fiber, and net. The possible applications of such scaffolds as a compo-
nent for drug delivery applications, particularly in tissue repair and regeneration are 
getting prominence. The long-term therapeutic use, drug release for tissue fixation 
together with regeneration makes the chitosan hybrid materials more fascinating 
for future research. The present chapter highlights systematic findings in regard to 
the fabrication and utility of nanostructured chitosan-containing scaffolds in various 
biomedical applications emphasizing on the tissue engineering. 

10.1 Introduction 

Tissue engineering (TE), an interdisciplinary science involving biological sciences 
and engineering, is employed to build tissues that maintain, restore, or enhance tissue 
function. TE, in biomedical research, is a promising field, aimed to highlight the 
correlation between structure and function in cells and tissues, along with the devel-
opment of suitable materials, as biological substitutes, having potential to replace and 
repair the diseased or damaged tissues as well as to function as vehicles for delivery 
of drugs, to cells or cellular biomolecules and also the nonbiological apparatus (ex. 
Stents, materials coated with biomaterials to interact with cells) to interact with cells
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Fig. 10.1 Components in 
tissue engineering 

[1]. In the current state of affairs, TE provides a promising trust to patients suffering 
from chronic or critical injuries [2]. A tissue can be engineered based on the three 
main aspects of molecules (Fig. 10.1), viz. 

(1) reparative, mostly embryonic stem cell, which promotes functional tissue 
formation, 

(2) scaffold or biocompatible or bioactive material which promotes support for cells 
growth and proliferation, and 

(3) bioactive molecules (cytokine and growth factor, etc.), which support and 
choreograph desired tissue formation [3]. 

Scaffolds or synthetic biomaterials need to have architectural similarity to the 
native tissues [4], in terms of geometry and morphology, in repairing and replacing 
damaged or diseased tissues and for suitable medical applications [5]. Various 
natural materials, viz., chitosan, alginate, gelatin, silk fibroin, collagen, hydrox-
yapatite, polyethylene glycol, etc., are used to engineer synthetic biomaterials for 
TE applications [6]. However, limitations, viz. average mechanical properties, risk 
of infection, local acidic environments, and uncontrolled degradation of the engi-
neered materials, prompted to design and fabricate hybrid bio composite materials, 
employing two or more biopolymers, organic, inorganic, and metallic nanocompos-
ites for enhancement of biological as well as physico-chemical properties. Nanotech-
nology provides creative and outstanding opportunities for the use of nanocomposites 
in several biomedical applications viz. tissue engineering, vaccination, drug delivery, 
cancer therapy, and other medicinal aspects [7–9]. The advantages of the nanostruc-
tured hybrid biocomposite materials involve high colloidal stability, hydrophilicity, 
dispersibility, flexibility, biocompatibility, improved surface reactivity, easy cellular 
uptake, and the capacity to stimulate cells, enhancing adhesion and differentiation 
[1, 8].
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Among the different biopolymers, chitosan, the second abundant natural 
biopolymer on earth, is produced commonly from chitin deacetylation. Chitosan, 
as the precursor of the nanostructured hybrid materials, has received great attention 
in biomedical fields due to its easy availability, abundance, and unique properties 
viz. non-toxicity, biocompatibility, biodegradability, hydrophilicity, mucoadhesive-
ness, antimicrobial, anti-inflammatory, antioxidant, and anticancer, activities [10, 
11]. Moreover, chitosan, on degradation, produces amino sugar, which is harmless 
and absorbed through human tissues. Thus, chitosan finds potential applications in 
a wide range of biomedical fields, prominently in drug delivery, TE, surgical thread, 
etc. The poor solubility and stability issues of chitosan in water, however, can be 
modified in chitosan hybrid or derivative materials, i.e., composites, following elec-
trostatic interactions, chemical cross-linking, metal ion coordination, and chemical 
modifications [12–14]. Chitosan composites show enhanced biological as well as 
physico-chemical properties than the parent chitosan. Chitosan along with its hybrids 
or derivatives, in different forms viz. sponge, hydrogel, thin film, nanoparticle, and 
microsphere, are thus found suitable to build desired nanostructured hybrid materials 
for use in various biomedical applications. Specifically, chitosan nanocomposites can 
improve the therapeutic efficacy and pharmacokinetic behavior of traditional drugs 
while enhancing their inherent biological properties to regenerate or repair tissues 
[15]. 

Several review articles on chitosan materials for biomedical applications though 
available in literature, a systemic review on nanostructure chitosan hybrid materials 
for tissue engineering applications is lacking. The chapter is, therefore, presented 
on the chitosan nanostructure and nanocomposite materials for tissue engineering 
applications. 

10.2 Chitosan Structure 

Chitosan is obtained from chitin deacetylation via chemical, biological, or combined 
chemical and biological methods. This linear polysaccharide chitosan is composed of 
(1→4)-2-acetamido-2-deoxy-β-D-glucan (N-acetyl D-glucosamine) and (1→4)-2-
amino-2-deoxy-β-D-glucan (D-glucosamine) units [16] (Fig. 10.2). Chitosan, though 
not naturally abundant is developed easily from the partial deacetylation of chitin, 
which is found in shells of crabs, tortoise, shrimps, lobsters, etc. In fact, DD, the 
degree of deacetylation, determines the average molecular weight (M.Wt) of chitosan 
and hence influences the nature and quality of the polymer. The lower DD provides 
higher M.Wt with higher mechanical strength, higher chemical stability, and lower 
solubility in common solvents [8]. Generally, two common methods were used to 
produce chitosan with varying DD of chitin [6], viz. heterogeneous and homogeneous 
deacetylation. In the first case solid phase chitin and in the last case pre-swollen chitin 
was used in an aqueous medium under vacuum. However, these methods require long 
time and the use of concentrated alkali solutions, which necessitates the development 
of alternative soft methods. Such methods include thermo-mechanical process at low
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Fig. 10.2 Structure of Chitosan and Chitin 

alkali concentrations using a cascade reactor, microwave-assisted dielectric heating, 
flash treatment by saturated steam, enzymatic preparation, γ–irradiation technique, 
etc. [6, 17–22]. 

10.3 Chitosan Nanostructure Properties 

Chitosan has been progressively more investigated in building low-cost, eco-friendly, 
sustainable, and renewable nanocomposite. It is considered as a very effective 
biomaterial in TE because of its unique properties, such as 

(i) rate of biodegradability related to the new tissue formation rate, 
(ii) biocompatibility with tissues, 
(iii) non-toxicity as well as mucoadhesive nature, 
(iv) mechanical strength, 
(v) adequate porosity together with suitable morphology for cellular uptake and 

transcellular transport, (within, across materials, and the host environment), of 
metabolites, nutrients, gases, and signal molecules [6].
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Fig. 10.3 Biological and physico-chemical properties of chitosan nanostructure 

Moreover, moldability into different forms, drug carrying capacity, compatibility 
with a wide variety of delivery materials, cationic nature, formation ability of inter-
connected porous structure, and electrostatic interactions with proteoglycans, anionic 
species, e.g., glycosaminoglycans etc., [6], as well as its unique biological prop-
erties has raised its significance in biomedical engineering [5, 23]. The structural 
aspects of chitosan, together with the presence of active functional groups viz. amino 
(−NH2), hydroxyl (−OH), and carboxyl (−COOH), endorse different intra- and 
inter-molecular hydrogen bond formation and allow embedding of nanostructured 
fillers. Chitosan with different DD and M.Wt have low toxicity, comparable to that of 
chitosan nanoparticles [24, 25]. The prominent biological aspects of chitosan are its 
antimicrobial, anti-inflammatory, antioxidant, and anticancer activities (Fig. 10.3). 

10.3.1 Antimicrobial Activity 

Chitosan, in different forms (solution, film and composite), is used as an antimicro-
bial agent/material against different target organisms, e.g., yeasts, bacteria, algae, 
and fungi and in experiments involving in-vivo and in-vitro interactions [26]. Gener-
ally, electrostatic interaction between positively charged amine groups (NH3 

+) of  
glucosamine and the negatively charged microbial membranes, results in the release 
of intracellular constituents leading to cell death [23]. Other possibility includes 
DNA-chitosan binding which inhibits mRNA as it penetrates the microorganism’s 
nuclei. Several factors, viz. ionic strength, pH, time, and temperature of solu-
tion together with concentration, molecular weight, DD, and chelating capacity of 
chitosan, affect antimicrobial activity toward different types of microorganisms [10].
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10.3.2 Antioxidant Activity 

The antioxidant behavior of chitosan can further be improved in chitosan nanocom-
posites or derivatives. The amine and hydroxyl groups in chitosan monomer 
(Fig. 10.2) react with free radicals [11, 27]. Thus, chitosan and its derivatives were 
shown to develop scavenging ability, in-vitro, of the active oxygen free radicals. The 
low molecular weight (LMW) chitosan molecules have more ability to eliminate free 
radicals compared to that of the high molecular weight (HMW) chitosan molecules. 

10.3.3 Anti-inflammatory Activity 

The anti-inflammatory property of chitosan is demonstrated to be due to the presence 
of charged moieties, that negatively regulates the pro-inflammatory reactions [28]. 
The anti-inflammatory activity of both the LMW (5.2 kDa) and HMW (115 kDa) 
chitosan was demonstrated [29]. The HMW chitosan inhibited the in-vitro synthesis 
of anti-inflammatory cytokine IL-10 (Interleukin 10), the tumor necrosis factor alpha, 
induced by endotoxin. The synthesis of IL-10 was reported to be stimulated by both 
HMW and LMW chitosan in the blood serum of mice for the peroral introduction. It 
was further revealed that anti-inflammatory activity of chitosan was not dependent on 
M.Wt, but was influenced by structural features of the molecule [29]. Morphological 
and biochemical characteristics revealed that the effect of chitosan was comparable 
to that of a hormone anti-inflammatory drug, e.g., prednisolone. 

10.3.4 Anticancer Activity 

The present-day challenge for cure of cancer, adopting surgical resection, is, so far, 
to adopt an efficient and effective management protocol. Nano drug delivery by 
chitosan derivatives is one of the most up to date and prominent delivery systems 
in cancer therapy. The technology involves most promising target therapy with 
minimum systemic toxicity, induced cell necrosis, apoptosis, enhanced immunity 
and maximum cytotoxicity to the cancer and tumor cells [30, 31]. 

10.4 Chitosan Nanostructure 

Chitosan may exhibit some drawbacks viz. low thermal stability, poor barrier and 
mechanical properties [32]. Polymer, organic, inorganic, and metallic nanocomposite 
can be applied, as additive to chitosan, to fabricate different kind of nanostructures 
such as nanofilm, nanofiber, nanoparticle, nanohydrogel, and nanonet (Fig. 10.4)
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to be used for tissue engineering. Nanoplate, nanoparticle, and nanofiber are the 
three types of nanofillers according to their geometry and particle length to thickness 
ratio (aspect ratio), the key factor toward enhancement of nanostructure properties 
[33]. These hybrid nanostructure materials having specific and desired functional-
ities show unique performance with improved biological properties toward tissue 
engineering [34]. An improvement in biological as well as physico-chemical prop-
erties of chitosan-based nanocomposites, even at a very low level of nanofillers 
(5–10 wt. %), in comparison to conventional composites (40–50 wt.% nanofillers 
level) was observed. The amount of chitosan in the composites is generally main-
tained high, yielding nanocomposites of good biocompatibility and bioactivity along 
with improvement of barrier and mechanical properties, transparency, and thermal 
stability [35]. Thus, different chitosan nanostructures are getting prominence in 
various biomedical applications prominently in TE. 

Fig. 10.4 Processibility of chitosan nanostructure into different forms
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10.4.1 Nanofilm 

A good permeability, unique antibacterial activity, and large surface area, make 
the chitosan-based films a potential material for wound dressing and an alternative 
to artificial skin [36]. Nanostructured thin films and multilayer coatings have been 
investigated for improved surface properties and are used in different medical devices. 
Nanostructures at the surface of the chitosan matrix enhance the leaching or release of 
the nano species [37]. Generally, two methods, viz Langmuir–Blodgett (LB) and the 
layer-by-layer (LBL) deposition technique are employed to synthesize chitosan thin 
films. The polycationic nature makes chitosan well-suited for the LBL process. The 
chitosan-based films are widely employed in wound dressings, bone engineering, 
drug delivery, and sensors [38]. 

10.4.2 Nanoparticle 

Chitosan nanoparticles (CSNPs) are found to have excellent drug carrier potential 
along with biodegradability, biocompatibility, bioactivity, and non-toxicity [33]. The 
incorporation of therapeutic agents (anticancer drugs) into CSNPs might enhance 
chemical stability, bioavailability, and biocompatibility, modify the pharmacoki-
netics and pharmacodynamics of the therapeutic agent, enhance the efficacy of the 
active agents and reducing toxicity [39]. Nanomaterials possess the ability to enter 
into cytoplasmic space (high cellular uptake). Ionic gelation, covalent and ionic 
cross-linking, precipitation or coacervation, reverse micelles formation, emulsion-
droplet coalescence, sieving, nanoprecipitation, etc., have been reported for CSNPs 
synthesis [40]. 

10.4.3 Nanofiber 

Biopolymers turned into ultrafine nanofibers using electrospinning technique (ESP) 
is a simple, straight forward, cost-effective, and novel technique [41, 42]. In ESP 
when a high voltage is applied to a polymeric solution an electrically charged jet is 
created and the polymer fibers are formed [43, 44]. Nanofibers offer potential appli-
cations in drug delivery and related biomedical fields, due to their surface property, 
enhanced mass transfer, and cell attachment ability.
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10.4.4 Nanogel 

Currently, hydrogels, especially nanogels, are considered as potent biomaterials in 
the fields of TE, drug delivery, implants, etc. [45]. The nanogels size can be moni-
tored within the range of few nanometers up to thousand nm. The nanogels surface 
properties facilitate multivalent conjugations producing a ‘smart material’ for stim-
ulus responsiveness. Nanogels show cytotoxicity, biodegradability, biocompatibility, 
inflammatory response, cellular uptake, etc., along with unique mechanical resis-
tance, degree of swelling, etc. In nanomedicine development, in-vivo biodistribution 
study and intracellular fate of nanogels are certainly the key requirements. Nanogels 
are popularly designed using several cross-linking protocols (covalent, ionic), the 
introduction of unstable bonds, which may cleave in physiological conditions [46]. 

The versatile use of some prominent chitosan-based nanostructure hybrid compos-
ites/scaffolds in the biomedical field are summarized in Table 10.1.

10.5 Tissue Engineering Application 

Chitosan-based hybrid nanocomposites, with unique physico-chemical, mechanical 
as well as biological features have gained continuous importance in TE along with 
other different biomedical fields. The Scheme 10.1 demonstrates the efficacy of 
chitosan derived scaffolds in different branches of TE applications.

10.5.1 Skin Tissue Engineering 

Skin damage affected by any chemical, thermal, or electrical stimuli may result 
in cutaneous complications leading to critical or chronic injuries in the worst situa-
tions. The injured/damaged skin tissue initiates healing by a natural repair process. 
A complex and overlapping process of skin regeneration proceed via (i) hemostasis, 
(ii) inflammation, (iii) proliferation, and (iv) tissue remodeling, the four phases [12]. 
It is a spontaneous and dynamic repair process involving cells, soluble factors, blood 
elements, and extracellular components [82]. Regeneration of skin requires dress-
ings (medical) that ensures physical protection and healing of the wound, protection 
from microbial growth, and reduction of scar formation. However, successful skin 
tissue regeneration still remains a biomedical challenge and a major healthcare issue, 
especially for chronic cases of diabetic and ischemic wounds, which result in loss of 
functional ability, decreased quality of life as well as increased pain and infections. 
Therefore, an enormous effort is being made to develop new and efficient approaches 
that can efficiently promote full skin tissue recovery with minimum side effects and 
costs [23].
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Scheme 10.1 Chitosan nanostructure for tissue engineering applications

Many biomaterials are being used as wound dressings in critical and chronic cases. 
The rate of wound recovery varies depending upon the nature and characteristics of 
the used biomaterials. Chitosan-based nanoparticles, nanocoatings, and nanogels 
have made a significant contribution in developing new scaffolds suitable for skin 
tissue engineering [23]. Nanomaterials, due to their nanometer size, and very large 
surface area compared with their volume, have pronounced ability to enter into 
cytoplasmic space [83]. 

Cai et al.  [84] utilized magnetic Fe3O4 nanoparticles (FeNPs) to modify the 
antibacterial as well as mechanical properties of nanofiber membranes of chitosan 
(CS)/gelatin (GE) composite [84]. Uniform FeNPs/CS/GE composite nanofibers 
fabricated by electrospinning was found to gain antibacterial efficacy at ≥ 1 wt%  
optimum filler loading. Such membranes, with tailored antibacterial as well as 
mechanical properties, are used as potential wound dressing. Liu et al. [85] synthe-
sized a scaffold using chitosan–silk–fibroin (CS-SF) emulsion and silver nanoparti-
cles (AgNPs) following lyophilization technique and subsequent asymmetric coating 
by grafting stearic acid (SA) onto CS-SF-AgNP surface [85]. The designed scaffold 
CS-SF-Ag0.5/SA, used as dressing, has good structural channels, hygroscopicity, 
moisture retention, and adequate mechanical integrity, and exhibits antibacterial 
functionality, promoting wound healing. Rahimi et al. [86] fabricated an antimi-
crobial quaternized chitosan (QC) film and QCA1, QCA2, and QCA3 (QC derived 
nano-silver nanocomposites) containing 0.125, ~0.25, and ~0.5% w/w AgNPs to the 
QC, respectively, synthesized by casting method [86]. The parent QC and those three 
QC derivatives gained prominent antimicrobial efficacies against E. coli, S. aureus, 
P. aeruginosa, C. albicans, as well as a multi-drug resistant strain from P. aerugi-
nosa. Blood clotting capability, the cell cytotoxicity on human foreskin fibroblasts,
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cell attachment assays, swelling ratio, and biocompatibility showed the synthesized 
scaffolds to possess high efficacy for antimicrobial wound dressing. Moxifloxacin 
(Mox) loaded silver nanoparticles (<100 nm), made via in-situ synthesis, were incor-
porated successfully by solvent casting technique within the colloidal composite of 
chitosan-sericin film dressing [87]. A sustained Mox release and cell permeation 
were indicated by the composite films. The promising antibacterial behavior of such 
composite films against the pathogenic bacteria viz. Gram-negative (A. baumannii, 
P. aeruginosa) and Gram-positive (S. epidermidis, S. aureus including Methicillin-
resistant S aureus that promotes hospital-acquired skin infections) was observed via 
in-vitro antibacterial susceptibility studies. With an aim to accelerate wound healing 
in diabetic patients, Masood et al. [88] developed silver nanoparticle immobilized 
chitosan-poly ethylene glycol (PEG) hydrogel [88]. The formulated hydrogel indi-
cated a slow and sustained release of AgNPs. The enhanced antibacterial and antiox-
idant properties of AgNPs loaded chitosan-PEG hydro gels, in comparison to parent 
chitosan-PEG, recommended the use of the nanogels for wounds healing in diabetic 
rabbits. A sponge-like nano-Ag/ZnO-loaded chitosan composite dressing material 
was developed [89], using lyophilization technique and subsequently modifying the 
chitosan sponge by incorporating Ag/ZnO nanocomposites. In-vitro antibacterial 
studies against drug-resistant pathogenic bacteria proved its high antibacterial effi-
cacies. In-vivo studies proved that the chitosan-Ag/ZnO would have faster capability 
of wound healing with denser collagen deposition properties and more complete 
re-epithelialization in mice. Zinc oxide (ZnO) nanoparticles doped with potassium 
(K) containing porous hydrogels were developed following the freeze gelation tech-
nique [90]. CH-K2.0, the ZnO NPs, containing 2% potassium (dopant), showed a 
higher degree of swelling than CLH-K1.0 and CLH-K0.5 (1.0% and 0.5% potas-
sium dopant concentration, respectively). With an aim to investigate their angio-
genic potential the synthesized hydrogels were rooted on the chick chorioallantoic 
membrane. The CLH-K2.0 hydrogel stimulated greater angiogenesis compared to the 
other two, when blood vessels were allowed to grow inside the scaffold. The large 
extent of uniformly distributed pores, potent angiogenic ability, biodegradability, 
and biocompatibility make the scaffolds effective for skin tissue regeneration and 
wound healing. Ding et al. [91] developed a spongy dressing, the chemically cross-
linked bilayer composite, for full-thickness dermal wound healing applications. The 
layers were composed of genipin cross-linked chitosan-Ag nanoparticles as the upper 
layer and genipin cross-linked chitosan partially oxidized Bletilla striata polysaccha-
ride as the lower layer [91]. The lower layer enhanced cell proliferation while the 
upper layer suppressed the wound bacterial (L929 cell) proliferation. However, both 
the layers indicated more gas permeation ability and high-water retention capacity. 
The bilayer showed faster tissue rebuilding capability and improved antibacterial 
activity compared to commonly used medical gauze and hence could act as a poten-
tial dressing for healing and protection of wound. Andrographolide (AND) lipid 
nanocarriers enriched chitosan hyaluronic acid (HAL) composite sponge scaffold 
was synthesized by Sanad and Abdel-Bar 2017 [92]. The optimized lipid nanopar-
ticle formulation, using solvent diffusion method, was incorporated successfully into 
the chitosan–HAL scaffold. The synthesized chitosan–HAL/NLC4 (nanostructured
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lipid carriers) scaffold was found to possess perfect porosity, reduced scar forma-
tion, swelling ratio-controlled drug release, and improved histological progress, 
making the scaffold effective for healing of wounds. The antioxidant as well as 
anti-inflammatory activity of chitosan and HAL in combination with AND were 
established. A mixture of chitosan-l-glutamic acid (CG) and silver nitrate (AgNO3) 
was freeze dried to yield CG/AgNP. This was loaded with HAL solution to synthe-
size chitosan-l-glutamic acid/hyaluronic acid, a spongy composite. The composite 
possessed higher water retention capacity, swelling behavior, and good mechanical 
properties. In-vitro studies revealed that the composite effectively inhibited bacterial 
(S. aureus and E. coli) penetration and growth. Spongy composite with low AgNP 
concentrations was found to be non-toxic and hence safe to L929 cells, and promoted 
wound healing [93]. Chitosan/alginic acid/zinc oxide (CS/AA/ZnO) nanostructured 
hydrogel sponges were developed by Bal-Ozturk et al. [94], following freeze-drying 
technique and immobilizing ZnO nanoparticles (<100 nm) into polymer matrix using 
genipin (crosslinker). ZnO-incorporated hydrogel sponges showed good bacterio-
static effect on S. aureus [94]. The hemostatic efficacy and cytotoxicity of cross-
linked nanostructured hydrogel sponges were evaluated in-vivo and in-vitro studies, 
respectively. The antibacterial property was found to increase with the increase of 
ZnO content in the polymer network. Kumari et al. [95] developed chitosan and 
gelatin-based scaffolds doped with copper NPs, for skin tissue engineering [95]. The 
scaffold incorporated with 0.1% copper nanoparticles performed the best for skin 
cell culture. Cell viability ensured the proliferation and growth of the skin cells over 
the scaffolds. Oxidative stress evaluation on the cells showed no production of reac-
tive oxygen species (ROS) with the scaffolds. The scaffolds developed via copper 
NPs doping showed appropriate biological and physico-chemical properties for skin 
tissue engineering. 

Vaccarin (VAC-NPs) hydrogel-loaded chitosan NPs were developed to evaluate its 
efficacy in a rat model in promoting the full-thickness dermal wound healing [96]. The 
encapsulation efficiency of VAC in NPs was estimated to be 51.7 ± 1.7%. The VAC-
NPs were estimated to possess uniform distribution and particle size, with no aggre-
gation. The in-vitro biocompatibility of VAC-NPs was assessed employing human 
umbilical vein endothelial cells. In-vivo studies revealed that VAC-NPs promoted 
wound healing, following a mechanistic pathway through up-regulating a cytokine 
(interleukin, IL-1β) and platelet-derived growth factor. Radwan-Pragłowska et al. 
[97], developed some hybrid poly lactic acid (PLA)/chitosan nanofibers doped with 
metal NPs (ZnO, Fe3O4, and Au) and investigated the morphology by TEM anal-
ysis [97]. The prepared nanofibers were incorporated over the acylated chitosan 
porous layer so as to enable and promote the process of neovascularization. The 
top and the bottom layers were developed from PLA nanofibers, and the acylated 
chitosan, respectively. The hybrid materials, shown to have good water vapor perme-
ability, conductivity, and biodegradation susceptibility, promote the healing process 
for wounds. The lack of bioactivity and cytotoxicity was observed using both primary 
cells (human dermal fibroblasts) and fibroblasts cell line (L929). 

Curcumin (Cur) loaded chitosan nanoparticle (CSNPs) within poly (ε-
caprolactone) and gelatin fiber mat were employed [98] to assess in-vivo wound
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healing capability. The incorporation of Cur containing CNs and Gela improved PCL 
fiber hydrophilicity, wettability, degradability, and decreased mechanical property. 
The cell attachment as well as proliferation on the PCL/Gela/NCs/Cur was found 
higher in comparison to PCL and PCL/Gela scaffolds. The potential of the scaffolds 
as a skin substitute to repair and regenerate the skin was evaluated in histological 
analysis using endometrial stem cells (EnSCs). In a full-thickness excisional animal 
model and desirable biocompatibility for the host immune system, human endoge-
nous neural stem cells seeded scaffold showed wound healing ability. The scaffold 
could be recommended as a skin substitute for regenerative medicine applications 
and to repair injured skin. 

10.5.2 Bone Tissue Engineering 

Bone is a highly vascularized tissue consisting of 10% water, 30% matrix, and 60% 
mineral. It contains both 

(a) inorganic substances (69%): hydroxyapatite (HAP) (99%), which is responsible 
for bone rigidity and hardness and 

(b) organic substances (22%): collagen (Col) (90%) and proteoglycans, sialopro-
teins and glycoproteins, the non-Col structural proteins [99–101]. 

Osteoclasts, osteocytes, osteoblasts, and bone lining cells, the four types of active 
cells, responsible for mineralized bone matrix, regulate dynamic bone resorption, 
bone formation, and bone remodeling [101]. Bone transplanting for patient, espe-
cially elder one, is a big clinical challenge for the medical surgeons. Although bone 
has, in certain extent, its own healing ability, in cases of large defects, age-related 
factors, injuries after accidents and bone tumor, etc., resection prevents desirable bone 
regeneration. Generally, allograft, autograft, and xenograft are the common medical 
protocols to repair damaged bone tissues [102]. Among all, autograft is consid-
ered as a standard protocol by which cells from the injured patient are harvested 
to repair the damaged bone tissue [103]. In allografts, cells from other persons and 
in case of xenografts, cells from a different species, viz., pigs, are used to repair 
tissues. However, such grafting procedures have several limitations viz., poor avail-
ability, scar formation, mismatching, tissue rejection, and disease transmission [104]. 
Currently, bone tissue engineering mainly focuses on designing three-dimensional 
(3D) scaffolds which mimic the extra cellular matrix (ECM), providing mechanical 
assistance toward formation of new bones. Scaffolds should have osteoinductive, 
osteoconductive, and osteogenic properties to assist survival, adhesion, together with 
osteogenic cell migration. A more challenging factor is to arrest scaffold degradation 
after natural tissue formation [101, 105, 106]. Biomaterials, particularly, chitosan, 
due to their biodegradability, biocompatibility, and bioactivity have received great 
success to build suitable scaffolds. Chitosan nanocomposites have the ability to 
improve biological and/or physical properties of the nanocomposites and are the 
most versatile choice for bone engineering applications.
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ZrO2 nanoparticles doped chitosan polyvinyl alcohol hydroxyapatite (CTS-PVA-
HAP) composites viz. (ZrCPH I–III) were fabricated for bone tissue engineering 
applications [107]. The tensile strength of ZrCPH I–III was improved than that 
of the composite CTS–PVA–HAP. However, improved tensile strength, strongest 
antimicrobial effect, and greatest osteoblastic MG-63 cell proliferation were demon-
strated in ZrCPH III containing maximum extent of nano-HAP-ZrO2 compared to 
ZrCPH I and ZrCPH II. The strongest antimicrobial effect and cytocompatibility 
of ZrCPH III and the maximum cell proliferation for human osteoblastic MG-63 
cells were demonstrated. In order to use in the treatment of osteosarcoma chitosan 
nanoparticles loaded with copper (CuCSNPs) was synthesized by Ai et al. [108]. 
The recommended size range of CuCSNPs is <200 nm for drug delivery applica-
tions and cancer targeting. CuCSNPs showed a significantly improved anticancer 
effect than that of parent copper sulphate (CuSO4). The studies revealed a higher 
mitochondrial ROS generation capacity of CuCNPs compared to that of the control. 
CuCSNPs were found to exhibit higher apoptotic activities viz. sixfold and twofold 
than the control and CuSO4, respectively, as shown by Caspase 3/7 activity. Thus, the 
anticancer effect of copper was shown to improve effective therapy in osteosarcoma, 
by incorporating it in biocompatible chitosan nanoparticles. Zhou et al. [109] synthe-
sized hydroxyapatite (HAP) and whitlockite (WH) hollow microspheres, following 
microwave-assisted hydrothermal method, and using an organic phosphorus source, 
e.g., creatine phosphate disodium salt [109]. The membranes, such as, WH/chitosan 
and HAP/chitosan composites were prepared following freeze-drying method, to 
study in-vitro biocompatibility was investigated. In a rat model bone regeneration 
in calvarial defects was studied using these porous scaffolds. WH/chitosan scaffold 
showed better biocompatibility for human mesenchymal stem cells, with enhanced 
proliferation and ability of osteogenic differentiation as compared to HAP/chitosan. 

The porous WH/chitosan scaffold was suggested to have higher applicability 
in TE applications. Erbium-doped hydroxyapatite (eHAP)-chitosan, a fluorescent 
nanocomposite film, was prepared to employ erbium (III) ion as a dopant and 
following hydrothermal assisted precipitation method [110]. A strong antimicro-
bial activity was observed through contact inhibition against S. aureus and E. coli 
on agar plates using eHAP-incorporated chitosan films. Furthermore, an excellent 
biocompatibility was demonstrated for human lung fibroblast cells (WI-38), indi-
cating proliferation and strong attachment with the chitosan films having poor cyto-
toxicity. Shakir et al. [111] synthesized Euryale ferox (EF)/ nano-hydroxyapatite (n-
HAP)/ chitosan (CS) tricomposite scaffold. The n-HAP/CS/EF composite showed 
better antibacterial effect on different bacterial pathogens [111]. In simulated body 
fluid, the biomineralization of n-HAP/CS/EF was observed after 2 weeks, which was 
further confirmed by alizarin red S staining procedure. The osteoconductivity of the 
scaffold was assessed from osteogenic differentiation test (ALP assay). 

The scaffold was suggested to be a promising candidate for use in bone defect 
reparation. Maji et al. [112] fabricated gelatin/carboxymethyl chitosan (CMC)/nano-
hydroxyapatite matrix, a 3D scaffold, having macroporosity employing a combined 
technique viz, high stirring induced foaming and freeze-drying method [112]. The 
synthesized macroporous (SGC) scaffold showed high porosity, better water retention
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capacity, high mechanical strength, and greater pore size, than the non-macroporous 
(NGC) one. The wjhMSC-MT (Wharton’s jelly Mesenchymal stem cells micro 
tissue) biological studies supported its viability, proliferation, differentiation, and 
high mineralization capacity on the SGC. The micro tissue seeded on the SGC 
showed a nearly up-regulated expression of collagen type I, Osteocalcin, and Runx2 
expression upon osteogenic differentiation. A silk fibroin (SF) coating loaded with 
AgNPs/gentamicin (Gen) having desirable osteogenic aptitude and antibacterial 
activity was constructed, with an aim to get rid of poor osseointegration and titanium 
implants-associated infection [113]. 

A chitosan barrier layer was developed for the prebuilt SF-based films following 
spin-coating (SCS) and dip-coating (DCS). An improved hydrophilic and protein-
absorbed performance was observed in chitosan barrier layer constructed by SCS. 
The SCS barrier multilayer coating, also, showed biofilm-inhibited and bacteria-
trigged antibacterial activities. However, limited enhancement in chitosan barrier 
layer, constructed by DCS coating for antibacterial abilities, was observed. It was 
suggested that accelerated bactericides release due to collapse of chitosan barrier 
layer was triggered by pH lowering, induced by the bacteria attachment following 
proliferation. Moreover, the functional coatings indicated migration, enhanced 
initial adhesion, and preosteoblast MC3T3-E1 cell proliferation. This resulted 
in the subsequent production of alkaline phosphatase, i.e., accelerated osteoblast 
differentiation. 

With a target to enhance the biological attributes, including antibacterial activity 
of titanium implants, Li et al. [114] prepared a micro-nanostructured HAP coating on 
titanium surface employing micro-arc oxidation, and subsequent loading of chitosan 
(as antibacterial agent), using dip-coating method, on the HAP surface [114]. The 
study in simulated body fluid revealed that HAP/CS composite coating enhanced 
HAP layer formation, spreading, cell proliferation, and adhesion. Inhibition of bacte-
rial growth as well as improved biological and antibacterial properties were also 
observed. Thus, the HAP/CS coating was recommended for promising applica-
tions in orthopedics. Zhao et al. [115] constructed gadolinium phosphate/chitosan 
(GdPO4/CS) scaffolds by lyophilization method. The macropores were developed 
by connecting the plate-like films. An enhancement of the osteoconductivity of 
the GdPO4/CS scaffolds was observed for bone tissue growth via cell adhesion 
[115]. The released Gd3+ ions were found to be in safe concentration effecting no 
toxicity to rBMSCs (mesenchymal stem cells of rat bone marrow). Significantly, 
GdPO4/CS scaffolds promoted osteogenic differentiation of rBMSCs through acti-
vated Smad/Runx2 signaling route. In-vivo studies showed that GdPO4/CS scaffolds, 
compared to β-TCP (β-tricalcium phosphate)/CS scaffolds, significantly acceler-
ated new bone regeneration and, thus, were suggested as a promising material for 
regeneration of bone. In-vitro and in-vivo osteogenic potential of chitosan scaf-
folds crosslinked with HAP-incorporated guanosine 5'-diphosphate (purine), with 
or without pyrophosphatase activity, was examined [116]. Cells embedded scaffolds 
significantly enhanced proliferation (up to three-fold), alkaline phosphatase activity
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(two-fold), and osterix expression (two-fold). Moreover, increase of calcium phos-
phate deposits (in-vitro) was observed. The chitosan scaffolds, having both hydrox-
yapatite and pyrophosphatase, when implanted in a mouse model at the fracture 
site showed increased callus formation. Thus, pyrophosphatase hydroxyl apatite 
composite scaffold may act as a promising scaffold to facilitate bone fracture healing. 

10.5.3 Cartilage Tissue Engineering 

Chondrocytes in the cartilage tissue produce type II collagen and chondroitin sulphate 
or aggrecan, the ECM proteins [117]. Aggrecan, a critical component for cartilage 
structure, provides cartilage and intervertebral disc the ability to resist compressive 
loads. The tensile strength of the tissue are governed by these proteins. Degradation 
of ECM, due to pathological situations like traumatic conditions, osteo, and rheuma-
toid arthritis may lead to loss of cartilaginous tissues. Self-repair of the injured 
articular cartilage is very challenging, as cartilage tissue is avascular, inhomoge-
neous, and of complex structure and functions under an extremely tough environ-
ment [118]. Currently, different clinical treatments involving autograft, mosaicplasty, 
micro facture, or autologous chondrocytes injection have although been employed, 
have some common limitations due to the structural and biomechanical mismatch of 
the newly repaired cartilage tissues with the native cartilage tissues and additional 
high risk of disease transmission [119]. 

In recent years, nanotechnology for cartilage tissue repair has gained great 
impetus. The nanocomposite-based scaffolds play the most significant role in carti-
lage and bone tissue engineering. Liu et al. [120] reported that chitosan may inac-
tivate metal proteinases, responsible for collagen degradation, and interact with 
the growth factors for their retention at the healing site. Moreover, being immune 
and nontoxic, it is a safe player in the biomedical applications [120]. However, 
to overcome the difficulties such as low mechanical strength and poor elasticity, 
chitosan was hybridized using biopolymer, silk fibroin, nanocomposite, genipin, 
etc. Different glycosaminoglycans (GAGs) that are present in articular cartilage, 
due to the similarity in structure to chitosan, are suggested as suitable matrix for 
cartilage repair. Chitosan in complexation with silk fibroin has been used for TE 
due to its biological compatibility and excellent mechanical strength. Maleilated 
chitosan (MCS)/methacrylated silk fibroin (MSF) nanocomposite hydrogels were 
synthesized for applications of cartilage tissue repair [121]. The process follows 
photo crosslinking of MCS and MSF in aqueous solutions under UV light irradia-
tion in presence of the photo initiator Darocur 2959. The nanocomposite with MSF 
content of 0.1%, showed compressive modulus in the range of that of articular carti-
lage, with a value of 0.32 ± 0.07 MPa for the present composite. Cell culture and 
in-vitro cytotoxic exhibited that the nanocomposites with TGF-β1 were biocompat-
ible to articular chondrocytes of mouse with well-supported cell attachment. Thus,
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the scaffolds could be applied for cartilage tissue repair. Poly (3-Hydroxybutyrate)-
Chitosan/Al2O3 nanocomposite scaffold, for use in cartilage tissue repair, was synthe-
sized using alumina (Al2O3) nanowires and polyhydroxy butyrate-chitosan (PHB-
CS) solution, following electro spinning technique [122]. The tensile strength of 
PHB and PHB-CS scaffolds was found to be significantly increased on addition of 
alumina. The cell viability and cell attachment studies exhibited that the rabbit chon-
drocyte cells spread on PHB-CS and PHB-CS/3% Al2O3 composite scaffolds were in 
a larger extent than PHB scaffolds. Improvement of mechanical and physical proper-
ties of chitosan-based scaffolds was achieved by graphene oxide (GO) nanoparticles 
incorporation via cross-linking [123]. An increased cell proliferation with augmen-
tation of the percentage of GO was observed in a prolonged cultivation period of 
14 days, on seeding of the human articular chondrocytes to the scaffolds. The study 
of the human articular chondrocyte indicated more spherical morphology of the cells 
with the cross-linked scaffolds during in vitro culture for 21 days. Nanofabrication 
using electrospinning was employed for the preparation of chitosan-gelatine/single-
walled carbon nanotubes functionalized by COOH (SWNTs-COOH) electrospun 
nanocomposite scaffolds [124]. The porosity, morphology, mechanical properties, 
thermal behavior, chemical structure, wettability, biodegradability, as well as in vitro 
cell culture study with all the scaffolds were evaluated. The porosity percentage 
(>80%) of all scaffolds match with that of scaffolds suitable for use in TE. The 
presence of SWNTs-COOH did not show any adverse effect on cytocompatibility. 
Among all the scaffolds, the chitosan-gelatin/1wt% SWNTs-COOH was found to be 
effective in cartilage tissue engineering. Mirmusavi et al. [125] prepared a highly 
strengthened electrospun nanocomposite scaffolds viz. polycaprolactone (PCL)-
chitosan/carboxyl-functionalized multi-walled carbon nanotubes (MWCNTs) using 
varying concentrations of MWCNTs. Morphology, porosity, hydrophilicity, tensile 
strength, biodegradation, bioactivity, and cell response of the samples were eval-
uated to assess the efficacy of the scaffolds in cartilage tissue engineering [125]. 
Scaffold containing MWCNTs showed more cell viability when chondrocytes were 
well cultured compared to the sample without MWCNTs. The PCL-chitosan/0.5wt% 
MWCNTs scaffold could be used in cartilage tissue engineering applications. 

10.5.4 Cardiovascular Tissue Engineering 

The world in the twenty first century is facing a challenging health problem of cardio-
vascular diseases. Cardiomyocytes death is mostly caused due to myocardial infarc-
tion, the most common cardiac disease. The end result of thrombosis, atherosclerosis 
or cardiac dysfunction, and eventual heart failure are now the most frequent and 
prevalent cases of serious concern. Currently, there is no standard medical proce-
dure to repair the damaged myocardium other than use of pharmaceutical drugs that 
thin blood, and/or heart transplantation, to boost the heart pump functioning [126]. 
It is highly a necessity of the day to formulate protocols toward damaged cardiac 
tissue repair. A successful vascular graft which provides mechanical strength for
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the prevention of surface thrombosis and also maintains well-organized structures 
combining with ECM proteins can be achieved through TE. 

Limongi et al. [127] demonstrated that surface modification of biomaterials on 
nanoscales enhances cardiac tissue repair by influencing cell adhesion, alignment, 
and differentiation [127]. Kalishwaralal et al. [128] prepared a composite film, 
the chitosan-selenium nanoparticle (SeNPs) film that was employed in the cardiac 
patches to generate electrical conductivity [128]. The H9C2 cells incorporated with 
in chitosan film SeNPs were found to be very well mature and proliferated. The 
synthesized film, as substrate, may develop improved cellular behavior via elec-
trical stimulation, and mechanical strengthening and may therefore be used as an 
appropriate biocompatible film for engineered cardiac tissues. Chitosan scaffolds 
containing a conductive polymer viz. poly (3,4-ethylenedioxythiophene) polystyrene 
sulfonate (PEDOT: PSS), was designed by Abedi et al. [129]. PEDOT: PSS was 
added to the CS/PVA (polyvinyl alcohol) composites for fabrication of scaffolds 
having different PEDOT: PSS content (0.3, 0.6, and 1 wt%), using electrospin-
ning technology. The mechanical and electrical properties, as well as cell viability 
and biocompatibility of the scaffolds, were examined. The scaffolds exhibited a 
significant increase in electrical conductivity, tensile and mechanical strength of 
heart tissues together with improvement of biocompatibility and cell viability. TiO2 

nanoparticles incorporated PEG/CS (PEGylated chitosan) composite hydrogel was 
developed as a cardiac material to increase functional activity in cardiac tissue repair 
[130]. The engineered TiO2 nanoparticles are homogeneously dispersed and cross-
linked with PEG/CS hydrogels. The adhesion of cardiomyocytes along with cell 
retention activity applying this hydrogel network was found to be increased. Chitosan 
matrix loaded with gold nanoparticles (GNPs), for increasing electrical coupling 
between adjacent mesenchymal stem cells, was studied by Baei et al. [131]. The 
hybrid hydrogel CS-GNP when seeded with mesenchymal stem cells (MSCs) the 
cell viability and growth rate were maintained. However, an enhanced cardiomyo-
genic differentiation of MSCs promoted by GNP’s electrical properties harnessing 
was observed. 

10.5.5 Neural Tissue Engineering 

The complex network of nervous system consisting of nerves and neurons, trans-
porting messages via signals to and from the spinal cord and brain to different organs 
of the body. The nerve system has a very important role in human biological system 
which helps to interact with physiological processes. Physiological and patholog-
ical complex changes happen in the damaged spinal cord tissue due to spinal cord 
injury (SCI). Damaged nerves can enforce severe consequences, and is hard to repair. 
Although implantation of allograft, autograft, and xenograft, have been used for 
repairing peripheral nerve gap, those have many drawbacks such as limited donor, 
the recipient and donor nerve tissue mismatch, transmission of infections, and thus 
need complex surgeries [132]. In recent years, TE is getting momentum due to
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great success in experimental works in neurological tissue repair [126]. Micro and 
nanostructured scaffolds play an important role to promote repair or regenerate by 
reconnecting axons. The scaffolds control the repair of damaged axons bridging the 
transplanted and host cells [133]. 

Habibizadeh et al. [133] developed some novel 3D scaffold nanocomposite 
through surface modification of polycaprolactone (PCL)/chitosan nanofiber/net 
(CS-NFN) using microlayer of alginate hydrogel, simultaneously utilizing unique 
features of both nanofibers and alginate hydrogel. NFN structure consisting of 
PCL and chitosan was developed employing electrospinning technology. Coating 
of PCL/chitosan nanofiber/net was made with alginate loaded neurotrophin-3 (NT-
3) microlayer and conjunctiva mesenchymal stem cells (CJMSCs). Compared to 
the unmodified scaffold a higher proliferation of CJMSCs and lower inflammatory 
response was found due to nanofiber/net surface modification by microlayer of algi-
nate hydrogel. A sustained release of NT-3 was reported from the scaffolds stimulated 
neuronal differentiation for up to 21 days and induced regeneration consequently 
in injured nerve. A differentiation of CJMSCs after 7 days into neuron-like cells 
was affected. An increase of nesting (a protein marker for detecting newly formed 
endothelial cells) expression by sixfold, microtubule-associated protein 2 (MAP-
2) by 5.4-fold and β-tubulin III genes by 8.8-fold was evidenced from real time 
polymerase chain reaction (RT-PCR) analysis. The result recommended NT-3 and 
CJMSCs loaded 3D scaffolds an effective biomaterial in spinal cord injury recovery. 
Different matrices of chitosan (CS)-NPs were fabricated with different concentra-
tions of gold (Au) nanoparticles (25, 50, and 100 ppm) [134] for in vivo and in vitro 
studies. In vitro experiments demonstrated better biocompatibility and colony forma-
tion. In mesenchymal stem cells (MSCs) matrix metalloproteinase activation was 
also observed for CS–Au 50 (chitosan embedded with 50 ppm of Au nanoparti-
cles). On CS–Au 50 treatment monocyte conversion, platelet activation, and intra-
cellular generation of ROS were decreased markedly. Moreover, RT-PCR analysis 
and immunostaining assays revealed CS–Au 50 induced β-Tubulin, glial fibrillary 
acidic protein (GFAP), and nestin protein expression in MSCs for neural differen-
tiation. CS–Au 50 showed a marked endothelialization and anti-inflammatory abil-
ities when treated in the subcutaneous implantation of a rat model. Nanocomposite 
membranes viz. chitosan/graphene membranes and poly (D, L-lactic-co-glycolic 
acid) (PLGA)/graphene, were fabricated by incorporating graphene nano-sheets 
(0.5–1.5 wt. %), to chitosan or PLGA matrix, and employing solution casting method. 
Chitosan 1.5% graphene (CS/1.5 G) membrane, among all, was found to have about 
106 times higher electrical conductivity compared to that of neat polymers. A highest 
proliferation of PC12 cell line (p < 0.05) by MTT [3-(4, 5-di-methylthiazol-2-yl)-
2, 5-diphenyltetrazolium bromide] assay after 72 h was evidenced [132]. Thus, 
the nanocomposite membrane was recommended for nerve tissue engineering. A 
conductive porous scaffold was prepared from chitosan/gelatin matrix by incorpora-
tion of polyaniline/graphene (PAG) conductive nanoparticles and used for peripheral
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nerve regeneration [135]. The mechanical and electrical properties of the scaffolds 
were found to be enhanced in PAG-incorporated chitosan/gelatin matrix. Among all 
the scaffolds, C2G6-PAG2.5 containing 2.5 wt. % PAG, yielded highest number of 
Schwann cells attachment, observed from in-vitro cytotoxicity study, the scaffold 
was recommended as suitable for the repair of nerve tissue. A polyglycerol seba-
cate/chitosan/gelatin nanofiber with an average diameter of 80 nm was prepared 
following electrospinning [136]. MTT assay of cell culture using PC12 cell line 
approved the capability of the scaffold for application in nerve tissue engineering. 
A simple and fast approach was employed for the fabrication of nanographene 
oxide/chitosan (NGO/CS) hydrogels where a crosslinker (lactic acid) was used 
[137]. The hydrogel was characterized for mechanical properties, swelling, and 
morphology. The adhesion along with proliferation rate of nerve cells in association 
with the synthesized hydrogel was ascertained. The study revealed pore structure 
change, higher mechanical strength of the hydrogel, and up to 20% growth of nerve 
cells in addition to NGO. Thus, functional hydrogel could be designed for nerve 
regeneration employing an appropriate concentration of NGO. 

10.5.6 Corneal Tissue Engineering 

The first lens of the eye is the cornea, which consists of three optically trans-
parent cell layers from outside to the inside involving the epithelium, the endothe-
lium, and the stroma [138]. Damage to any layer can lead to major visual prob-
lems. Corneal damage or dysfunction, such as inherent disorders, immune diseases, 
trauma, and aging results in ultimate vision impairment, due to the reduction of 
endothelium cell function and may need cornea transplantation. However, corneal 
transplantation has several drawbacks involving allograft tissue rejection, lack of 
donor corneas, high cost of surgeries, and poor long-term graft survival [139]. Scaf-
folds or membranes fabricated from gelatin, chitosan, genipin, polycaprolactone, 
etc., have great potential in corneal tissue engineering though have some limitations 
including poor mechanical strength. In order to overcome such limitations, scaf-
folds are prepared by blending polymers with chitosan. These scaffolds must have 
optical and mechanical properties similar to those of the cornea. Salehi et al., 2020 
discussed in detail polycaprolactone-based biomaterials in corneal tissue engineering 
[139]. Corneal transplantation is applied mainly for common corneal diseases that 
suffers from tissue rejection by the host immune system along with a lack of suit-
able donors. Recently, TE, with its wide range of applicability has proved to be a 
good substitute for corneal transplantation. In order to facilitate corneal regeneration, 
different materials have been tested. Polycaprolactone (PCL), being readily available, 
biocompatible, biodegradable, easy to modify, and low-cost polymer finds promising 
applications in TE. Moreover, PCL withstands physical, chemical, and mechan-
ical insults without significant property change Tayebi et al. [138] constructed, via 
the incorporation of chitosan nanoparticles (CSNPs) into chitosan/polycaprolactone 
(PCL) membranes, a transparent and biodegradable film for application in corneal
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endothelial cells culture [138]. Different ratios of CSNP/PCL, maintaining constant 
concentration of chitosan were taken and solvent casting method was applied for 
the film construction. With increase of the CSNP/PCL ratio, surface wettability 
and transparency were improved. CSNP/PCL 50/25, with the lowest water contact 
angle, was indicated to develop transparency comparable to that of human acellular 
corneal stroma. Flow cytometry, cell counting, SEM, as well as hematoxylin and 
eosin staining studies indicated appropriate scaffold attachment to human corneal 
endothelial cells and a compact monolayer formation. A hydroxypropyl chitosan– 
gelatin-derived scaffold was synthesized employing 1,4- butanediol diglycidyl ether 
as the crosslinker, and tested for use in corneal stroma tissue engineering. The scaffold 
exhibited 83–88% visible light transmission, permeation of glucose and common salt, 
high water content, and was suitable for keratocyte growth on its surface [140]. An 
ultrathin chitosan–poly (ethylene glycol) hydrogel film was synthesized for corneal 
tissue engineering [141]. The film was >95% optically transparent in the visible 
region having identical tensile stress and strain to those of human corneal tissue. 
Chitosan/polycaprolactone blended membranes were used to study corneal endothe-
lial cell (CEC) differentiation mechanism [142]. The stable blended membranes 
were found to be acted as an effective cell culture system under extracellular matrix 
compositions. 

10.6 Conclusion 

Recent research studies implies the efficacy of chitosan as a smart, approachable, 
and promising biopolymer with wide-ranging functionalities due to brilliant physico-
chemical properties, low toxicity, biodegradability, brilliant biocompatibility, and 
multipurpose biological activity. Chitosan has definite interactions with cells, 
proteins, and living organisms. Hence, it fascinates significant interest in biomed-
ical fields, including cell culture, drug delivery, tissue engineering, bioimaging, 
and many more promising applications such as antimicrobial and biotechnology. 
Nanostructured chitosan-containing scaffolds are gaining interest in recent years in 
tissue engineering application. Due to its unique mechanical properties of chitosan, 
chitosan can easily be transformed into different nanoforms and polymer, organic, 
inorganic, and metallic nanocomposite can be also applied, as additive to chitosan, to 
fabricate different kinds of nanostructures such as nanofilm, nanofiber, nanoparticle, 
nanohydrogel, and nanonet. As we studied other research reports on nanostructured 
chitosan derivatives for tissue engineering which highlights the greatest promise of 
such bio-scaffolds to achieve extensive improvements in long-term therapeutic use, 
drug release for tissue fixation, regeneration and creating fascinating nanostructure 
materials which improve tissue repair mechanism in human. Researchers anticipate 
the successful use of nanostructure chitosan derivative materials in different types 
of tissues such as skin, bone, cartilage, cardiovascular, corneal, and neural tissue. 
FeNPs/CS/GE membranes, nano-Ag/ZnO-loaded chitosan composite, CS/AA/ZnO 
nanostructured hydrogel, and VAC-CSNPs hydrogel were great development in
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skin regeneration. ZrO2 nanoparticles doped CS-PVA-HAP composite showed great 
tensile strength in bone tissue engineering, CuCNPs showed a significant anticancer 
effect, eHAP incorporated chitosan films showed a strong antimicrobial activity, n-
HAP/CS/EF composite showed a better antibacterial activity, these scaffolds were 
suggested to be a promising candidate for bone defects reparation. MCS/MSF 
nanocomposite hydrogels and Al2O3 nanowire added PHB and PHB-CS scaffolds 
showed excellent mechanical strength in cartilage tissue repair. Also, chitosan– 
gelatin/1wt% SWNTs-COOH and PCL-CS/0.5wt% MWCNTs scaffolds were used 
in cartilage tissue regeneration. Chitosan-SeNPs, CS-GNPs, and chitosan containing 
a conductive polymer viz PEDOT:PSS scaffolds were shown to exhibit a signif-
icant increase in electrical conductivity, tensile, and mechanical strength of heart 
tissues. CSNPs fabricated gold nanoparticles and PCL/CS-NFN with alginate scaf-
folds showed great improvement in nerve injury. Conductive PAG nanoparticles into 
a CS/gelatin matrix and NGO/CS hydrogel are recommended scaffolds for nerve 
regeneration. CSNP/PCL blended membranes were found an effective cell culture 
system under extracellular matrix compositions for corneal tissue repair. 

The use of nanostructure chitosan derivatives is expected to have major impli-
cations for tissue engineering resulting in quality of the tissue outcomes, due to 
its natural similarity in chemistry, structure, and function of hosting environment. 
Despite the new technology, further research is needed to investigate the progression, 
mechanisms to improve cell-specific interactions, more quality tissue regeneration, 
and its long-term biocompatibility effects in the human body. 
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Chapter 11 
Chitosan Nanocomposites for Biosensing 
Applications 

Atilla Eren Mamuk, Ceyhun Işık, Sema Aslan, and Derya Bal Altuntaş 

Abstract Electrochemical biosensors have a wide range of application areas from 
the pharmaceutical industry to the environment in terms of being simple, portable, 
low cost, and having short response time, high sensitivity, specificity, and selectivity, 
when compared with thermal, optical, and piezoelectric biosensors. Various biocom-
ponents such as enzymes, nucleic acids, antibodies, tissue and organelles, nucleic 
acids, and microorganisms are used in the design of biosensors. Investigations on 
liquid crystal-chitosan nanocomposite sensors have been increasing recently. Liquid 
crystals (LCs) are very soft materials with high sensitivity towards external effects. 
This chapter reveals an overall idea regarding the introduction to electrochemical 
biosensors, nanocomposites, and liquid crystal-chitosan biosensors applications. 

11.1 Introduction 

Biosensors have attracted great interest in recent years due to their potential appli-
cations in many fields, especially in environmental monitoring, medical diagnosis 
and treatment, national security, and the food industry [1–4]. The biosensors are 
integrated miniaturized devices that detect signals using biological material such as 
an enzyme, nucleic acid, antibody, and receptor protein as a transducer-dependent 
sensing element [5, 6]. It has been reported that the performance of biosensors is 
related to the intrinsic properties of the biological materials used, such as their size, 
biological activity, and binding ability for target analytes, as well as the properties of 
the substrate on which these biological materials are immobilized [7, 8]. It is known
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that the performance of biosensors is affected by the intrinsic properties of the biolog-
ical materials used, such as their size, biological activity, and binding abilities for 
target analytes, as well as the properties of the substrate on which these biological 
materials are immobilized [9]. Surface interactions between substrate and biolog-
ical material cause immobilized materials to acquire additional chemical, physical, 
and kinetic properties, which can greatly increase the sensitivity and specificity of 
surface-based biosensors, which is crucial for sensor performance [10, 11]. For these 
reasons, the selection of a suitable substrate material can contribute significantly to 
the properties of the immobilized system. 

The use of nanocomposites composed of various synthetic and natural poly-
mers as an intermediate substrate material between electrode surfaces and biolog-
ical materials has been extensively investigated to develop selective and sensitive 
surface-based biosensors [11–13]. A natural polymer such as chitosan has strong 
gel-forming ability, low cost, and environmental friendliness, so it is highly suitable 
for use in biosensor preparation [14]. Chitosan (CS), a natural polymer, is widely 
used in biosensor preparation due to its biodegradability, low cost, biocompatible, 
non-toxicity, and film-forming nature [15]. CS is a biopolymer derived from the only 
natural cationic polysaccharide derived by deacetylation of chitin [16]. Due to the 
abundance of amino and hydroxyl groups in the CS polymeric chain, it is easy to 
modify CS through various interactions such as electrostatic interactions, covalent 
bonding, and hydrogen bonding [17]. Therefore, the use of CS-based nanocompos-
ites as substrate material has gradually increased instead of other polymers in the 
preparation of biosensors in the last decade [18]. 

This chapter focuses on the biosensor applications of chitosan-based nanocom-
posites. It also aims to provide a guide to researchers for the study and development 
of chitosan nanocomposite biosensors. Firstly, the operation principles and the basic 
concepts of biosensors, nanocomposites, and chitosan are reviewed. Then, examples 
of chitosan-based biosensor applications and liquid crystal-chitosan nanocomposite 
biosensors are presented. 

11.2 Biosensors 

Biosensors are devices assembled with a bio-recognizer and a transducer to obtain 
a meaningful response related to the concentration of analytes (Fig. 11.1). Biolog-
ical material interacts with the component to be determined. Significant signals are 
generated and the amount of analyte is determined by using electrochemical, optical, 
and calorimetric properties [19]. After the development of the first glucose electrodes 
by Clark and Lyons in 1962, biosensors were studied extensively and were started 
to be used in a wide range of areas from medicine to environment [20]. Various 
biological materials such as cofactors, enzymes, antigen-antibodies, microorgan-
isms, organelles, tissues, and cells are used in the designing of biosensors [21]. Out 
of these biomaterials, enzymes are the biomaterials most widely used due to their 
high sensitivity and specificity [22].
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Fig. 11.1 A Schematic representation of a biosensor 

11.2.1 Classification of Biosensors: Classification 
of Biosensors by Biocomponent 

Various biocomponent such as enzymes, nucleic acids, antibodies, tissue and 
organelles, nucleic acids, and microorganisms are used in the design of biosen-
sors [23]. It is possible to examine biosensors in four categories according to their 
biocomponents. 

11.2.2 Enzyme Biosensors 

They are biosensors in which enzymes are used as bio compounds in biosensor design. 
It is seen that the first studies in biosensor technology started with enzyme biosensors 
(Fig. 11.2) [24, 25]. Enzymes are biomolecules, usually with a protein structure 
and catalytic function. During the catalytic reaction, enzyme–substrate complex is 
formed and the product that is formed at the end of the reaction enables the formation 
of signals that can be measured directly or indirectly by the biosensor.

The high specificity of enzymes, the occurrence of reactions with the interaction 
of enzyme–substrate, and the rapid occurrence of biocatalysis with 100% efficiency 
expand the area of application of enzyme biosensors [26].
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Fig. 11.2 Schematic illustration of the general sensing mechanism of CPH-based electrode plat-
form. a PtNPs and enzymes loaded onto hierarchically three-dimensional (3D)-porous PAni 
hydrogel matrices to form PAni hydrogel/PtNPs hybrid electrodes. b The PtNP-catalyzed sensing 
process of the biosensor based on PAni/PtNPs/enzyme hybrid films. Reproduced with permission 
from American Chemical Society [25]

11.2.3 Microbial Biosensor 

They are biosensors in which microorganisms are used as biocompounds in 
biosensor design. Microorganisms which are used as biological sensors have exten-
sive advantages in detecting chemicals. Enzymes are the most used structures 
in biosensor production, with very high biological sensitivity. Although purified 
enzymes are specific for their substrates or inhibitors, the process of purifying is 
tiring, time consuming, and costly. Microorganisms offer an ideal alternative to these 
above mentioned barriers (Fig. 11.3) [27]. Since enzymes will be in natural envi-
ronments, they are more resistant to external influences. Enzymes operating with 
coenzyme do not require external coenzyme addition; in addition, regeneration of
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Fig. 11.3 Construction of a genetically encoded biosensor in response to malate in B. licheniformis 
by Zhang et al. [27]. Reproduced with permission from American Chemical Society [27] 

coenzymes takes place within the cell. They usually last longer than enzyme elec-
trodes. In addition, if a reaction sequence in which many enzymes are involved will 
be examined instead of a single enzyme in case of intracellular enzymes, it is again 
an important advantage to use cells instead of enzymes. There are also disadvantages 
of using microorganism. 

Since the cell membrane forms a diffusion barrier, suitable biosensors cannot be 
prepared for molecules that cannot pass through macromolecules and membrane. 
Microbial biosensors have a longer response time and return to baseline signal level 
after use when compared with enzyme sensors. Since the cell contains many enzymes, 
it is possible for the targeted assay reaction to be influenced by other enzymes. A 
decrease in activity that may be experienced during immobilization and contamina-
tion, is also among the most common problems faced in fabrication of biosensors 
[28]. 

11.2.4 Nucleic Acid Biosensors 

They are biosensors in which nucleic acids are used as bio compound in biosensor 
design. When compared with conventional hybridization experiments, DNA biosen-
sors are promising for faster, simpler, and cheaper acquisition of sequence-specific 
information in human, viral and bacterial nucleic acid. The development of a DNA 
hybridization biosensor has an important place in large-scale pathogen detection and 
molecular diagnosis. DNA recognition surfaces are used to monitor hybridization 
events with a specific sequence or in the detection of substances to be analyzed
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(drugs, etc.) which interact with this surface. DNA biosensors are based on the 
hybridization of synthetic single-stranded DNA (ssDNA) oligomer with the target 
sequence, which has a short base sequence of 20–40 bases, corresponding to the base 
sequence of the target sought [29]. 

11.2.5 Immunosensors 

They are biosensors in which antibodies are used as biocompounds. Antibodies are 
glycoproteins produced by the immune system. This type of biosensor is prepared 
based on antibody-antigen interaction [30]. 

11.2.6 Electrochemical Biosensors 

Electrochemical biosensors have a wide range of application areas ranging from the 
pharmaceutical industry to the environment in terms of being simple, portable, low 
cost, and having short response time, high sensitivity, specificity, and selectivity, 
when compared with thermal, optical, and piezoelectric biosensors. In the design of 
electrochemical biosensors, which are obtained upon a chemical change and electron 
production and obtaining electrical responses proportional to concentration, elec-
trodes obtained from gold, silver, carbon, or platinum are generally used [31]. Amper-
ometric, potentiometric, conductometric biosensors are examples of electrochemical 
biosensors. 

11.2.7 Amperometric Biosensors 

The analytes must create an electrochemical current at a constant potential. This 
current value sometimes increases according to the reaction that takes place on the 
specific surface of an active working electrode. The response is compared with the 
reference electrode. The calibration line is composed of those increasing current 
values according to the increasing concentrations. The most important indicating 
point is the consumption of the measured species in this method. Controversly, in 
the potentiometrical measurement process is that the concentration of the analytes 
doesn’t change [32].
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11.2.8 Potentiometric Biosensors 

Potentiometry usually deals with the two-electrode dipped electrolyte solution in 
which an active working electrode and an ion-selective special reference electrode 
are used. It is highly dependent on the measurement of the potential difference 
between working electrode and reference electrode. In this process, the potential of 
the electrode change is measured with respect to the changing species or concentra-
tions of the analyte. The electrodes are classified according to their target ions or gas 
sensing probes such as ammonia [33]. 

11.2.9 Conductometric Biosensors 

Conductometric biosensors are generally used in the determination of air humidity 
and concentration of certain gases. Although conductometric biosensors have less 
application areas than amperometric and potentiometric biosensors, the fact that they 
do not use reference electrode during analysis, they operate at low voltage and they 
are not sensitive to light are their disadvantages. There is a migration of ions in 
biosensors based on the conductivity of liquids. When a potential is applied in the 
solution, an electric field is created and ion migration starts [34]. 

11.2.10 Optical Biosensors 

These are the type of transducers developed by making use of the phenomena 
like absorption, refraction, scattering, or brightness of the light. The reference elec-
trode is not used in studies. Since the use of optical fibers is possible in long distance 
uses, there is no need for close contact with the bioreceptor and it can easily be mini-
mized in in vivo studies. Optical methods are among the most applied transducers 
[35]. 

11.2.11 Piezoelectric Biosensors 

Piezoelectric effect is voltage generation by a mechanically stretched surface. This 
effect is sensed with an oscillator induced by a voltage difference on a piezo-electrical 
sensor. This change is proportional to the mass. It is widely used in designing 
analytical sensors [36].
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11.2.12 Calorimetric Biosensors 

The energy changes during the biosensing activity sometimes reveals as a thermal 
change. In this type of sensor, the response is obtained through the combination of 
biomaterial with a physical transducer such as thermometer. It is possible to use 
thermal (calorimetric) biosensors in enzyme activity measurements, clinical moni-
toring, process control, anhydrous medium measurements, and environmental moni-
toring by monitoring the changes that occur in temperature. Biosensors are simple 
and inexpensive devices with high sensitivity and fast response time. Therefore, they 
are used in many areas from health to environment. With the developing technology, 
wireless biosensors are designed and they are used especially in the diagnosis and 
monitoring of patients in the field of health. For this reason, the design and use of 
different biosensors is important. Wireless biosensors suitable for in vivo use have 
been designed in recent years. In 1950s, Clark and Lyons determined glucose in vitro 
and in the following year’s personalized commercial glucose meters were designed 
based on this determination. Today, intrabody sensors are designed which can be run 
by the energy supplied from the biochemical actions that occurs in the body. Also, 
the microchips can create an outer signal which can be received as an electrical data 
of the analyte concentration by an automation system. Wireless biosensors are fast 
developing, permanent, and wearable biosensors connected to networks. For these 
reasons, wireless biosensors facilitate monitoring disease markers in the hospital 
environment or daily life [37]. 

11.2.13 Chitosan Nanocomposite Biosensors 

Polysaccharides are one of the most widely used natural polymeric biomaterials 
in biotechnological applications. Due to their properties such as biodegradability, 
biocompatibility, and high usability, the use of biopolymers, especially in life science 
applications is increasing day by day [38]. Chitosan is one of the most widely 
used biomaterials due to its unique properties in the fields of medicine, agricul-
ture, food, environmental protection, materials science, biocatalysis, nutrition, and 
biotechnology [39, 40]. 

Chitosan nanocomposites are used extensively in recent years in drug release, 
biomedical, catalysis, desalination, environmental problems, and electrochemical 
fields due to their properties such as biomimetic, biocompatibility, and biodegrad-
ability [41]. With the developments in nanotechnology, chitosan-based nanocompos-
ites that offer improved barrier, chemical, thermal, and mechanical properties have 
begun to be produced by using metal, inorganic, and organic materials [42]. These 
chitosan-based nanocomposites have attracted the attention of researchers due to their 
unique properties such as high stability, biodegradability, non-toxicity, and biocom-
patibility [43, 44]. For these reasons, chitosan nanocomposites are widely used
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as biosensors in environmental, biomedical, pharmaceutical, and catalysis research 
applications [45]. 

11.3 Nanocomposites 

Solid materials consisting of at least two phases and one of the phases smaller 
than 100 nm are defined as nanocomposites. The sizes, structures, and physical 
and chemical properties of the different phases in nanocomposites contribute to 
obtaining composites with fascinating and unique electrochemical, thermal, mechan-
ical, optical, and catalytic properties [46]. Composite materials are used in different 
applications according to their nano dimensions. Nanocomposites below the sizes 
of 100 nm, 50 nm, 20 nm, and 5 nm are used in mechanical reinforcement and super-
paramagnetism, determination of refractive index changes, changing the hardness of 
a hard-magnetic material and catalytic activity studies, respectively [47, 48]. 

The filler phase present in nanocomposites ensures that the composite has a high 
surface-to-volume ratio. The filler phase material consists of fibers (e.g., electro-
spun fiber or carbon nanotubes (CNT) s), particles (e.g., metal oxides, minerals), 
or sheets (e.g., organoclays, exfoliated clay stacks). The interface between the filler 
and the matrix affects the matrix material properties such as chemical structure, 
polymer chain conformation, crystallinity, degree of thermoset cure, polymer chain 
ordering degree, or polymer chain mobility, and makes composites become a better 
conventional material [49]. The nano-sized filler, which is present in small amounts 
in the structure of the composite, has a significant effect on the macro-scale prop-
erties of the composite. Adding fiber as a filler can improve the thermal properties 
of composite materials and their resistance to chemical and physical damage. In 
the case of using other types of nanofillers, some other properties such as electrical 
conductivity, optics, hardness, strength, dielectric, and stiffness are improved [50]. 
The nano-sized fillers are divided into three categories, namely, metal, polymer, and 
ceramic matrix composites, depending on the matrix they are dispersed during the 
composite formation process [51]. 

11.3.1 Polymer Matrix Nanocomposite 

Nanocomposites containing nano-sized fillers in various forms (fibers, sheets, tubes, 
whiskers, particles, etc.) and in which a polymer acts as a matrix are defined as 
polymer matrix nanocomposites [46]. However, the addition of nanofillers to a 
polymer matrix during nanocomposite production makes it possible to obtain a high-
performance composite by benefiting from the properties and nature of the nanoscale 
filler which directly contributes to the overall performance of the material [52]. The 
improvement in the properties of nanocomposites is due to the large surface area or 
high aspect ratio of the fillers [53].
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11.3.2 Ceramic Matrix Nanocomposites 

Composites formed by the dispersion of fillers such as metal, carbon nanotubes, parti-
cles, fibers, graphene, whiskers, and second polymer in a ceramic matrix are called 
ceramic matrix nanocomposites [54, 55]. These nanocomposites show important 
properties such as wear resistance, high temperature stability, good fracture tough-
ness, resistance to thermal shocks, and superior strength [56, 57]. Due to these unique 
physical and mechanical properties, ceramic matrix nanocomposites are widely used 
in many fields, especially in the chemistry, electricity and electronics, biomedical, 
aerospace and defense, energy and automotive industries [58–61]. 

11.3.3 Metal Matrix Nanocomposites 

Metal matrix nanocomposites are formed by embedding hard and stiff fillers 
consisting of fibers or particles into a more ductile and softer metallic matrix 
[62]. Although metals are more ductile and softer than ceramics, their hardness 
and strength are lower. In addition, due to the lower melting point of most metals 
and alloys used in structural applications, their properties at high temperatures are 
lower than ceramics [63]. Therefore, the incorporation of ceramics into alloys and 
metals during the production of metallic matrix nanocomposites composites allows 
to develop materials with better creep resistance, lower density, better stiffness and 
strength than metals, and better ductility and toughness than ceramics [64]. As a 
result of this situation, these nanocomposite systems are used in various fields such 
as electronic packaging, aerospace, thermal management, automotive, building and 
construction, and maritime and rail transport [65]. 

11.4 Chitosan & its Structure 

Chitosan, the hydrolysis product of chitin, is a natural biopolymer and is obtained 
by removing the acetyl group from chitin under alkaline conditions [66]. Chitin is a 
natural polysaccharide, and it is usually obtained from cell walls of fungi, beaks of 
cephalopods exoskeletons of crustaceans and shellfish [67]. Chitosan is a biocom-
patible, biodegradable, and ecofriendly polymer. Chitosan, which is formed by 
connecting two repeating units with a ß-(1, 4)-glycosidic bond, is the N-deacetylated 
form of chitin and has a linear structure (poly (1, 4)-ß-linked 2-amino-2-deoxy-D-
glucose). Chitosan has different degrees of deacetylation. The degree of deacetyla-
tion has an important influence on the properties, quality, and reactivity of chitosan



11 Chitosan Nanocomposites for Biosensing Applications 265

[41, 68]. The ratio of 2 acetamino-2-deoxy-D-glucopyranose to 2-amino-2-deoxy-
D-glucopyranose in the structure of chitosan is defined as the degree of deacety-
lation. Therefore, chitosan dissolves in dilute acidic solutions, since the degree of 
deacetylation is over 55% [18]. 

Each glycosidic unit of chitosan contains hydrophilic functional groups such as 
two hydroxyl (–OH) groups and an amino (–NH2) group. The presence of these 
functional groups in the structure of chitosan causes it to display excellent biological 
and chemical properties. In addition, these functional groups allow the modification 
of chitosan, thereby improving its physical and biological properties [69, 70]. 

11.5 Chitosan Nanocomposite Biosensor Applications 

In general, biosensors are divided into classes as described above. The main purpose 
of the development of biosensors is to achieve a fast and practical application by 
using highly specific bioreactions of analytes at low concentrations [71, 72]. In this 
sense, different types of biosensors have been used to identify numerous molecules 
[73–75]. Some examples of these are given below for electrochemical, optical, 
and surface plasmon resonance techniques. The most common type of biosensor 
known is the glucose biosensor, and many studies in this field have been reported 
involving chitosan and nanocomposites. Additionally, other types of the analytes are 
determined in this wide range of sensing areas, as given in the Table 11.1.

One of the most effective nanomaterials is multi-walled carbon nanotubes, 
which were used to modify a novel chitosan-based matrix and used as an elec-
trochemical biosensor for the determination of ifosfamide (IFO), acetaminophen 
(ACOP), domperidone (DOM), and sumatriptan (SUM) species. Here the sensitivity 
is enhanced by the addition of Ti3C2–MXene structures. MXenes are very useful 
two-dimensional structures for the selective and sensitive measurements. Lm-based 
electrochemical sensor for ifosfamide (IFO), acetaminophen (ACOP), domperidone 
(DOM), and sumatriptan (SUM). With the LOD values of 0.00031, 0.00028, 0.00034, 
and 0.00042 μM with the linear ranges of 0.0011 to 1.0 μM 0.0042–7.1, 0.0046–7.3, 
and 0.0033–61 μM have been developed. (Kalambate 2020). 

In a study reported by Peng et al. [76] it is stated that graphene oxide addition 
enhanced the positively charge medium of the composite chitosan sol–gel which 
facilitates the biological reaction. The proposed electrochemical glucose biosensor 
showed a linear range from 0.02 to 5.39 mM with a low detection limit of 6.5 μM 
[76]. 

Another useful combination for carbon electrode surface coating is the gold 
nanoparticle and chitosan composite. A study for Monosodium L-glutamate sensing 
by DPV and EIS methods achieved a linear range of 100 pM to 1 μM with a detection 
sensitivity in the order of ~102 μA/nM [77]. Other similar electrochemical sensors 
are given in Table 11.1. 

Optical biosensors are one of the most widely used biosensors. Recently, Basu 
et al., reported a chitosan-based silica nanocomposite as a label-free glucose
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biosensor with a 0,76 mM LOD value and they stated that chitosan is very adequate for 
the optical measurements [78]. Another optical phenylalanine determination method 
is reported by Fazial and Tan including graphene oxide-chitosan. In this study, pheny-
lalanine, a marker for the fish freshness underwent an enzymatic reaction and the final 
reduced form of fluorogenic NADH is produced. Therefore, a linear range of 0.03 mM 
and 0.24 mM was achieved and the LOD value is reported as 0.02 mM for this 
optical biosensing approach [79]. In a surface plasmonic resonance-based biosensor 
developed by Mukhtar et al., different compositions of the chitosan composites as 
Ag-chitosan and Cu-chitosan were reported for the glucose detection [80]. 

11.6 Chitosan Nanocomposites Used for Sensing Different 
Biomolecules 

It has been widely explained in the literature that chitosan is used in different forms 
and applied with different biomolecules, as shown in Fig. 11.4. In this sense, the 
gel-forming feature of chitosan comes to light. Commonly used molecules in certain 
types of biosensors previously described are mentioned. More specifically, it is worth 
mentioning the different molecules with which chitosan is used. Xia et al. reported a 
Chitosan used graphene-based molecular imprinting study that was previously used 
to determine bovine serum albumin (BSA) [10]. In this study, a linear working range 
of 1 × 10−10 to 1 × 10−4 g/L (R = 0.996). The LOD value has been reported as 2 
× 10−11 g/L for BSA. 

In the studies on the determination of antibiotic nature of chitosan, a successful 
study was also demonstrated in an application using norfloxacin. With the electro-
chemical sensor powered by nY2O3 nanoparticle loaded chitosan, a LOD value of 
3.87 pM was reached in the range of 1 pM–10 μM [92]. In another interesting study, 
the composite structure of bacteriorhodopsin and chitosan was presented. In this

Fig. 11.4 A schematic diagram of indole-3-aldehyde detecting sensor reported by Wang et al. [91]. 
Reproduced with permission from American Chemical Society [91] 
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study, an optically active structure is presented as chitosan increases cell activation 
by forming a self-healing hydrogel structure [93]. 

Anthocyanins are one of the leading compounds in the food industry. These 
compounds were modified with chitosan to increase their stability. As a result, it 
has been reported that a more stable structure is obtained by the chitosan addition at 
different pHs and temperatures and also in the presence of L-ascorbic acid [94]. This 
is a very inspiring composition for the electrode modifications. In another study, 
it was observed that the use of Sage (Salvia officinalis L.) as a chitosan additive 
significantly increased the antioxidant activity. It has been suggested that the pinene, 
thujone, camphor, and limonene species found in the plant extract have this effect 
[95]. This is a very valuable finding for the sensor applications. In another ampero-
metric biosensor study, it was reported that phenol was determined using laponite-
doped chitosan. It is sensitive that the modifications made to increase the response 
sensitivity of the sensors and biosensors are biocompatible. In this sense, the use of 
biological molecules is more preferred. Within the scope of this study, it was empha-
sized that the long-term stability was increased by using this composite [96]. Another 
important compound is 4-nitrophenol. This compound, which is generally used in 
tissue staining, is an environmentally harmful dye that is important to determine. 
For this purpose, an enzymatic biosensor was developed by combining Agrocybe 
aegerita peroxygenase (AaP) and chitosan containing Au NP. The results obtained 
showed that the electrochemical biosensor detects 4-nitrophenol with a LOD value 
of 0.2 μM (based on the S/N = 3) in the operating range of 10 and 30 μM [97]. 

Vitamins are also important biological agents that increase the signal used with 
chitosan. In this regard, a study with tocopherols has been reported [98]. Finally, 
it has been reported that an impedimetric aptasensor has been developed for the 
detection of tetracycline antibiotics. In this study, chitosan and graphenoxide and 
1-Pyrenebutyric acid–N-hydroxysuccinimide ester (Pry) were used together. As a 
result, a working range of 1.0 × 10−15–3.2 × 10−7 and a LOD of 3.2 × 10−16 M 
have been reported [99]. 

11.7 Liquid Crystal-Chitosan Biosensors 

Investigations on liquid crystal-chitosan nanocomposite sensors have been 
reported increasing recently. Liquid crystals (LCs) are soft materials with high sensi-
tivity to external effects. The physical behavior of LC can be manipulated by a change 
in external state [100–106]. Rheological properties of isotropic liquids as well as crys-
talline order properties of solid crystals are simultaneously coming to sight by LCs 
in a certain temperature range, i.e., in a mesophase [100–106]. Moreover, since LCs 
show high biocompatibility, chemical stability, and reusability, LC-based compos-
ites are favorable photonic materials for sensor applications [107–113]. The working 
principle of LC-based composites is based on the sudden change in molecular orien-
tation of LCs at the LC/doped-material boundary by the existence of biological and 
chemical structures. These existences can shift the surface anchoring of LC which
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is one of the fundamental parameters to describe the state of the molecular orienta-
tion of LC. Thus, the optical view of LC is changed and the change can be observed 
with naked eye when the LC-based nanocomposite is positioned between a couple of 
crossed polarizers [114–116]. LC-based nanocomposite sensors have various advan-
tages, such as fast responsiveness, simple generating, high sensitivity, storability, 
and usability in various environments, in order for them to be used as an attractive 
application for monitoring biological and chemical variance or reactions [114–120]. 

Recently, a new trend in biosensor research has been emerging with the assem-
bling of LCs and chitosan as a nanocomposite. LC-Chitosan nanocomposites are quite 
interesting materials for biosensing because chitosan shows superior bio-based prop-
erties such as being biocompatible and biodegradable. Moreover, while hydrophobic 
LCs are generally used especially in polymer dispersed liquid crystals (PDLCs), 
chitosan exhibits hydrophilic and hydrophobic behavior to the weakly acidic solu-
tions and in solid state, respectively. However, chitosan is immiscible with a LC in 
solid state [121, 122]. 

Chitosan is a good candidate as a polymer matrix for PDLC [121, 122] and 
also PDLCs are suitable structures for biosensors [123, 124]. Using chitosan as a 
polymer matrix was done for the first time by Marin et al. In the work, 4-cyano-4’-
pentylbiphenyl (5CB) which shows nematic mesophase was used as a LC. 5CB was 
homeotropically aligned inside the chitosan matrix and formed as a globule with a 
singularity defect. Since the LC dispersed in chitosan matrix resulting increase in 
surface, the iridescence feature of LC raised. It was noticed that a very less amount 
of LC was enough to prepare a PDLC with chitosan matrix [121]. In another work, 
Ailincai and Marin reported that chitosan and a cholesteric mesophase LC which 
was cholesteryl acetate—very common commercial LC—were assembled as an eco-
friendly PDLC [122]. The reason why these materials were chosen was explained as 
both LC and chitosan contained compounds that comply with international environ-
mental protection standards. The PDLC which was produced had reasonable wetta-
bility and surface-free energy which is the sign of being biocompatible materials.

Fig. 11.5 Optical textures of LC-based optical sensor taken by polarized optical microscopy. 
Depending on exposing time in ammonia for a 0 s,  b 10 s, c 25 s, d 50 s, e 75 s, and f 100 s, 
brightness of each texture changed. Also, g a cartoon representation of fabrication process of LC-
based optical sensor for ammonia detection is given. Reproduced with permission from The Optical 
Society [128]
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Besides, it was reported that the eco-friendly PDLC were quite interesting materials 
in order for them to being a promising candidate to form biosensors [122].

Apart from PDLC, various LC/chitosan nanocomposites were reported so as to 
investigate their biosensing activity. Niu et al. reported that a LC-based optical sensor 
was developed for detecting ammonia (Fig. 11.5g). 5CB was used because it was 
preferred several times for detecting some biomolecules in the literature [115, 125– 
127]. The optical images of LC-based nanocomposite appeared dark among a pair 
of crossed polarizers since the LC was homeotropically aligned due to existence of 
the state of complex formed from copper perchlorate in composite (Fig. 11.5a). It 
was obvious that depending on the increase in exposing time in ammonia, optical 
textures of LC-based optical textures appeared brighter (Fig. 11.5b–f). The working 
principle of the sensor based on linking between the cyano group of LCs, which 
existed on chitosan-Cu2+ composite placed on a glass, and ammonia. By means of 
the sensor, ammonia could detect in a wide range of 500 ppm to 1250 ppm. Besides, it 
was reported that the method was cost-effective, high selective, and rather sensitive, 
and also the method could be applied to sense biomolecules and ions of hazardous 
materials by the work [128].

Fig. 11.6 a–c The cartoon representation of molecular orientation of PHDLC which is affected 
the existence of surfactant and bile acid. d, e The cartoon representation of formation of polymer-
stabilized 5CB LC emulsion. f and e were the images of chitosan and agarose hydrogel dispersed 
5CB LC droplet films, respectively. g and i were the textures of 5CB LC droplets which was 
dispersed in chitosan and agarose hydrogel films, respectively. Reproduced with permission from 
Elsevier [114]
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In further research, it emerged as a induced polymer hydrogel dispersed LC 
(PHDLC) globule fragments by gelation of chitosan-5CB LC composite, whose 
liquid crystalline features emerge at room temperature, emulsion film [114]. In the 
study, viscoelastic features of the PHDLC and change in volume of PHDLC were 
investigated. It was shown that ionic surfactants and bile acids could achieve the 
boundary of dispersed LC droplets, and leach in the hydrogel layers from exte-
rior aqueous ambient. The molecular alignment of PHDLC was induced by surfac-
tant/LC and bile acid/LC interactions at the boundary of the LC globules and this case 
followed (Fig. 11.6a–c). In (Fig. 11.6d–i), the process of polymer-stabilized 5CB LC 
emulsion, hydrogel films, and the related textures were also presented. Thus, how 
the response time and diversity of the LC globules in the detection of the molecules 
were affected by polymer matrix could be determined. According to scientists, the 
emerging composite opened a door to a novel approach towards soft material-based 
sensing system. Despite the fact that more investigations are necessary to find out 
how the polymer matrix affects the sensor features of hydrogel-dispersed LC droplets 
[114].

At an aqueous/LC boundary, chitosan and phospholipid membrane interactions 
were investigated for the first time by Liu et al. [116]. The molecular alignment 
of LC was affected by the interactions of chitosan and lipid membranes. Thus, the 
optical appearance of LC could be shifted in a pair of crossed polarizers. In the 
study alignment of LC was shifted from homeotropic to planar, namely, the LC 
appeared first dark, after shifting the alignment it was observed bright [116]. By 
this method, a great deal of biomolecules can be sensed optically. Monitoring the 
antibacterial events is performed by using LC/chitosan nanocomposites as well. Wei 
and Jang reported a new approach on LC biosensors in order to follow the inter-
action between the phospholipid membrane and chitosan-modified graphene oxide, 
and so as to monitor antibacterial events of chitosan-modified graphene oxide struc-
ture [118]. In the study, as sensing systems (Fig. 11.7) there were two different LC 
structures which were a LC film confined by electron microscope grids, and sessile 
LC droplets. As a thermotropic LC, 5CB was used. After some treatments were 
applied to grids and producing the LC film over the grids, the LC film was covered 
with self-assembled phospholipid monolayer. Also, sessile LC droplets were gener-
ated in several steps: first, the thermotropic nematic 5CB was put in n-heptane with 
a low weight percentage. Then, a small amount of the mixture was dripped on an 
OTS-treated slide and was anchored on it by evaporating the solvent. By using polar-
ized optical microscopy, the optical variances of LC film due to shifting molecular 
ordering were determined. These variances represented that graphene oxide was 
able to penetrate into the phospholipid membranes. Also, the variances pointed the 
chitosan-graphene oxide structure was more influential for demolish the phospholipid 
membranes. Moreover, the molecular alignment of LC at the aqueous/LC boundary 
was found to be homeotropic. The reason of this case was specified by the scientists 
as lipids on the bacteria cell membrane might be replaced to surface of LC droplets. 
It was reported that holding the bacteria with chitosan-graphene oxide composite 
diminished unity of the bacterial cells. Hereby, the chitosan-graphene oxide-abiotic 
bacteria could be specified by sessile LC droplets [118].
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Fig. 11.7 Cartoon representation of LC thin film sensing system and display of the molecular 
alignment of 5CB before and after demolishment of the dioleoyl-sn-glycero-3-phospho-rac-(1-
glycerol) sodium salt (DOPG) membrane by chitosan-graphene oxide (CS-GO). Reproduced with 
permission from Elsevier [118] 

Fang et al. reported a work on biosensor applications with LC droplets dispersed 
in aqueous medium [129]. In the work, 5CB was dispersed in an aqueous solution. 
Thereafter, surface of aqueous/5CB was tailored with the adsorption of chitosan 
at aqueous/5CB interface and penetration of a surfactant. It was stated that cholic 
acid which existed in biostructures included uric acid, ascorbic acid, and urea was 
detected by the 5CB droplets which were coated with chitosan/surfactant as an optical 
detector. The detection was performed, likewise being the other most of works, by 
monitoring the change in the molecular orientation with the naked eye using crossed 
polarizers. The scientists reported the detection limit of the LC for cholic acid was 
diminished due to chitosan as a coating. At the same time, the detection limit of 5CB 
droplets which was coated with chitosan/surfactant could be shifted in a wide range, 
which depended on the amount of the droplets (Fig. 11.8) [129]. A novel approach 
on a chitosan/surfactant coated LC structures was indicated as a promising nanos-
tructure for detection of bile acids which is used as a sign for identification of serious 
health problems [115, 129]. Fang and colleagues have reported another study about 
compositing chitosan hydrogels and LC droplets as a sensing platform for detecting 
bile acid [115]. Hydrogels, which are a type of matrix of hydrophilic polymers, are 
favorable materials for bioapplications because of showing unique features such as 
the ability to adsorb water, being permeable for biomolecules, and easily proces-
sible [114, 115, 119, 120, 130, 131]. It was given that composite material made up 
of LC droplet-stabilized chitosan hydrogel structures were considered as a mobile 
sensor for the detection of bile acid. The cartoon representation of formation steps 
of the 5CB droplet-embedded chitosan hydrogel was presented in (Fig. 11.9). Also, 
in this study, the working principle of biosensor based on following the change 
in alignment of the LC, which was affected due to adsorption of the bile acid 
diffused into chitosan. The scientists specified a consequence that was different from 
chitosan/surfactant coated 5CB droplets, 5CB droplet-embedded chitosan hydrogel



274 A. E. Mamuk et al.

films could be simply generated and by this case, bile acid could be selectively sensed. 
In addition, it is stated that the hydrophobicity of bile acid was responsible for value 
of the response time and detection limit of LC-included hydrogels [115]. 

Fig. 11.8 The detection 
limit of chitosan/sodium 
tetradecyl sulfate 
complex-coated 5CB 
droplets as a function of a 
number of the droplets. 
Reproduced with permission 
from Royal Society of 
Chemistry [129] 

Fig. 11.9 a Chemical formula of 5CB and chitosan. b–e The cartoon representation of the forma-
tion steps of the 5CB droplet-embedded chitosan hydrogel. Reproduced with permission from the 
American Chemical Society [115]
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LC-embedded chitosan matrix was also developed for detecting methanol ratio in 
a methanol-ethanol mixture. Two different chiral nematic (cholesteric) LCs mixture, 
which reflected different wavelengths, and chitosan matrix were used as sensing 
materials and a LC holder, respectively [119]. Molecular orientation of a chiral 
nematic LC is identified with twisted-nematic layers. The distance between the layers 
at which planar angle of director of the nematic layers completes one rotation is 
described as a pitch. Chiral nematics can selectively reflect an incident light and 
wavelength of the reflected light corresponds to the length of pitch [100, 101, 103]. 
The working principle of sensing system relied on different changes of methanol and 
ethanol on the pitch of chiral nematics. Thus, methanol and ethanol ratio in a mixture 
could be determined by following the shifting of reflection spectrum. It was reported 
that the new type of sensor showed good linearity, stability, and also repeatability 
[119]. 

11.8 Conclusion 

Chitosan is one of the most widely used biomaterials. Chitosan-based nanocompos-
ites have attracted the attention of researchers due to their unique properties such as 
high stability, biodegradability, non-toxicity, and biocompatibility. For these reasons, 
chitosan nanocomposites are widely used as biosensors in environmental, biomed-
ical, pharmaceutical, and catalysis research applications. A new trend in biosensor 
research has been emerging with the assembling of LCs and chitosan as a nanocom-
posite. LC-Chitosan nanocomposites are quite interesting materials for biosensing 
because chitosan shows superior bio-properties. Based on this issue, the present 
chapter gives a concluding remark toward chitosan nanocomposites for biosensing 
applications, classifications, and possible synthesis of new age materials. 
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30. D. Bal Altuntaş, H.S. Nalkıran, S. Aslan, Z. Yolcu, Development of MoS2 and Au nanoparticle 
including disposable CEA-based immuno-cytosensor platforms. Chem. Pap. 76, 5217 (2022) 

31. I.H. Cho, D.H. Kim, S. Park, Electrochemical biosensors: perspective on functional nanoma-
terials for on-site analysis. Biomater. Res. 24, 1 (2020) 

32. F. Schachinger, H. Chang, S. Scheiblbrandner, R. Ludwig, Amperometric biosensors based 
on direct electron transfer enzymes. Molecules 26, 4525 (2021) 

33. J. Ding, W. Qin, Recent advances in potentiometric biosensors. TrAC Trends Anal. Chem. 
124, 115803 (2020) 

34. K. Berketa, O. Saiapina, L. Fayura, A. Sibirny, S. Dzyadevych, O. Soldatkin, Novel highly 
sensitive conductometric biosensor based on arginine deiminase from mycoplasma hominis 
for determination of arginine. Sens. Actuators B Chem. 367, 132023 (2022) 

35. P. Damborský, J. Švitel, J. Katrlík, Optical biosensors. Essays Biochem. 60, 91 (2016) 
36. M. Pohanka, The piezoelectric biosensors: principles and applications, a review. Int. J. 

Electrochem. Sci. 12, 496 (2017) 
37. N. Sivarajasekar, Ra. Dharshni, Rd. Dharshini, Thermal biosensors and their applications. 

Am. Int. J. Res. Sci.  50 (2019) 
38. A.O. Silva, R.S. Cunha, D. Hotza, R.A.F. Machado, Chitosan as a matrix of nanocomposites: 

a review on nanostructures, processes, properties, and applications. Carbohydr. Polym. 272, 
118472 (2021) 

39. K.V. Harish Prashanth, R.N. Tharanathan, Chitin/Chitosan: modifications and their unlimited 
application potential-an overview. Trends Food Sci. Technol. 18, 117 (2007) 

40. P.S. Bakshi, D. Selvakumar, K. Kadirvelu, N.S. Kumar, Chitosan as an environment friendly 
biomaterial—a review on recent modifications and applications. Int. J. Biol. Macromol. 150, 
1072 (2020) 

41. B.R. Rizeq, N.N. Younes, K. Rasool, G.K. Nasrallah, Synthesis, bioapplications, and toxicity 
evaluation of chitosan-based nanoparticles. Int. J. Mol. Sci. 20 (2019) 

42. A.R. Del Bakhshayesh, N. Asadi, A. Alihemmati, H. Tayefi Nasrabadi, A. Montaseri, S. 
Davaran, S. Saghati, A. Akbarzadeh, A. Abedelahi, An overview of advanced biocompat-
ible and biomimetic materials for creation of replacement structures in the musculoskeletal 
systems: focusing on cartilage tissue engineering. J. Biol. Eng. 13, 1 (2019) 

43. M.S. Riaz Rajoka, L. Zhao, H.M. Mehwish, Y. Wu, S. Mahmood, Chitosan and its derivatives: 
synthesis, biotechnological applications, and future challenges. Appl. Microbiol. Biotechnol. 
103, 1557 (2019) 

44. H. Jafari, M.K. Pirouzifard, M.A. Khaledabad, H. Almasi, Effect of chitin nanofiber on 
the morphological and physical properties of chitosan/silver nanoparticle bionanocomposite 
films. Int. J. Biol. Macromol. 92, 461 (2016) 

45. C. Rodrigues, J.M.M. de Mello, F. Dalcanton, D.L.P. Macuvele, N. Padoin, M.A. Fiori, C. 
Soares, H.G. Riella, Mechanical, thermal and antimicrobial properties of chitosan-based-
nanocomposite with potential applications for food packaging. J. Polym. Environ. 28, 1216 
(2020) 

46. A.K. Mishra, S.B. Mishra, A. Tiwari, Nanocomposites and their biosensor applications, in 
Biosensor Nanomaterials (2011), pp. 255–268 

47. M. Jose-Yacaman, L. Rendon, J. Arenas, M. Carmen Serra Puche, An ancient nanostructured. 
Science (80-. ) 273, 223 (1996) 

48. P.V. Braun, Natural nanobiocomposites, biomimetic nanocomposites, and biologically 
inspired nanocomposites, in Nanocomposite Science and Technology (2003), pp. 155–214 

49. P.M. Ajayan, Bulk metal and ceramics nanocomposites, in Nanocomposite Science and 
Technology (2003), pp. 1–75 

50. C. Picu, P. Keblinski, Modeling of nanocomposites, in Nanocomposite Science and Technology 
(2021), pp. 215–222 

51. L.S. Schadler, Polymer-based and polymer-filled nanocomposites, in Nanocomposite Science 
and Technology (2003), pp. 77–153. 

52. A. Usuki, M. Kawasumi, Y. Kojima, A. Okada, T. Kurauchi, O. Kamigaito, Swelling behavior 
of montmorillonite cation exchanged for ω -amino acids by e-Caprolactam. J. Mater. Res. 8, 
1174 (1993)



278 A. E. Mamuk et al.

53. E. Manias, Stiffer by design. Nat. Mater. 6, 9 (2007) 
54. J.  Sun,  D.  Ye, J. Zou,  X.  Chen, Y. Wang,  J.  Yuan, H. Liang,  H.  Qu, J. Binner,  J.  Bai,  A review  

on additive manufacturing of ceramic matrix composites. J. Mater. Sci. Technol. 13 (2022) 
55. F. Bouville, E. Maire, S. Meille, B. Van De Moortèle, A.J. Stevenson, S. Deville, Strong, 

tough and stiff bioinspired ceramics from brittle constituents. Nat. Mater. 13, 508 (2014) 
56. E. Feilden, C. Ferraro, Q. Zhang, E. García-Tuñón, E. D’Elia, F. Giuliani, L. Vandeperre, E. 

Saiz, 3D printing bioinspired ceramic composites. Sci. Rep. 7, 1 (2017) 
57. H. Bian, Y. Yang, Y. Wang, W. Tian, H. Jiang, Z. Hu, W. Yu, Effect of microstructure of 

composite powders on microstructure and properties of microwave sintered alumina matrix 
ceramics. J. Mater. Sci. Technol. 29, 429 (2013) 

58. C.E. Smith, G.N. Morscher, Z.H. Xia, Monitoring damage accumulation in ceramic matrix 
composites using electrical resistivity. Scr. Mater. 59, 463 (2008) 

59. E. Pietrzykowska, M. Małysa, A. Chodara, B. Romelczyk-Baishya, K. Szlązak, W. 
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Chapter 12 
Chitosan Based Hybrid Polymeric 
Systems in Diabetes Monitoring 
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Abstract Diabetes is an endocrinometabolic disorder caused due to the irregular 
glucose metabolism. Insulin is secreted by pancreatic islets of β-cells. Hence, the 
pancreas is known as a “glucose regulator” that facilitates in regulating the synthesis 
and secretion of insulin which in turn facilitates in keeping blood glucose in balance. 
The complications related to diabetes range from hyperglycemia, metabolic dysfunc-
tion, reproductive abnormalities, neuronal and renal damage. Various drugs and reme-
dies are available for the treatment of diabetes coming from allopathy, homeopathy 
and ayurveda and are available since the past few decades. Moreover, in current 
era, nanomedicines prepared from various different plant parts and other polymeric 
compounds are are under consideration for the treatment of polygenic disease and 
associated complications. However, they are also having some demerits. Therefore, 
chitosan based nanopolymeric might be a better option for the treatment of diabetes 
and associated complication. In this chapter chitosan based nanoformualtions has 
been discussed along with their role in treating of diabetes.

L. Kaur · Neelam · Y. A. Hajam (B) 
Department of Life Sciences and Allied Health Sciences, Sant Baba Bhag Singh University, 
Jalandhar, Punjab 144030, India 
e-mail: younismajeed64@gmail.com 

R. Kumar 
Department of Biosciences, Himachal Pradesh University, Summerhill, Shimla 171005, India 

M. S. Reshi 
Department of Zoology, School of Biosciences and Biotechnology, Baba Ghulam Shah Badshah 
University, Rajouri, Jammu and Kashmir 185234, India 

S. Rai 
Department of Zoology, Guru Ghasidas Vishwavidayalaya (A Central University), Bilaspur, 
Chhattisgarh 495009, India 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
S. K. Swain and A. Biswal (eds.), Chitosan Nanocomposites, 
Biological and Medical Physics, Biomedical Engineering, 
https://doi.org/10.1007/978-981-19-9646-7_12 

283

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-9646-7_12&domain=pdf
mailto:younismajeed64@gmail.com
https://doi.org/10.1007/978-981-19-9646-7_12


284 L. Kaur et al.

12.1 Diabetes 

Diabetes is the most common and difficult endocrinal-metabolic disease that ends 
in excessive blood glucose level (hyperglycemic condition) due to the inadequate 
secretion or motion of insulin. Insulin is secreted by β-cells in the pancreas. Hence, 
pancreas is known as a “glucose regulator” which facilitates synthesis and secre-
tion of insulin which in turn keeps the blood glucose in regulated stage. Diabetes 
mellitus, being a complicated metabolic ailment progresses by puzzling interac-
tions among biology and environmental factors. High blood glucose levels result 
in multi-organ failure coupled with urinary tract infections, adult-onset blindness, 
coronary heart ailments and stroke, immoderate blood stress and nerve damage and 
lower limb amputations [1]. In today’s era immense alteration in physical activity 
patterns, dietary patterns, sedentary habits, and energy imbalances due to increasing 
consumption of high-caloric food stuffs results in increasing body mass index (BMI). 
Simultaneously, fast urbanization is greatly prevailing that leads to an increase in 
metabolic disorders, further in urban areas highest dip in metabolic functions had 
been pronounced due to changes in dietary patterns as well as bodily inactivity [2]. 

All these variations directly influence the metabolic processes such as carbohy-
drates, proteins and lipid metabolism. Besides, all these metabolic disorders and other 
biochemical processes, further symptoms include obesity, cardiovascular diseases 
(CVD’s), neurodegeneration, renal failure, hormonal imbalances as well as repro-
ductive complications [3]. The prevalence of obesity further leads to kidney and 
liver disorders, cardiovascular disorders and reproductive disorders [4]. Moreover, 
unhealthy lifestyles and physical inactivity provides great hold over the obesogenic 
environment. Globally, over-weight is the leading cause of severe health problems. 
In past decades (2002–2012) obesity has been increased adversely from 22.8% to 
30.1%. Recent studies evidences that more than 1.9 billion adults are suffering from 
over-weight moreover; 650 million are completely obese widely. Unfortunately, 
around 2.8 million deaths occured because of the consequences of being over-weight 
or obese [5]. 

Diabetes is likewise named as a “silent killer” because of its moderate agnostic 
responses due to its negligible glycemic load. Hence, this circumstance is called 
pre-diabetes, characterized via means of obese patients. Further, if out of control 
and untreated, pre-diabetic circumstance, can also additionally cause everlasting 
diabetes. In 2019, a study dictated that 463 adults have been affected by diabetes 
out of 1000 people and is expected that during 2045 it might attain to around seven 
hundred million [6]. Raman et al. [7] proposed the type of diabetes mellitus into 
4 types: particularly Type 1 diabetes mellitus, Type 2 diabetes mellitus, Type-three 
diabetes and gestational diabetes mellitus (GDM) (American Diabetes Association 
2014) [7]. Figure 12.1 represents the types of diabetes.
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Fig. 12.1 Illustrative 
scheme showing types of 
diabetes 

12.1.1 Type-One Diabetes Mellitus 

Type 1 diabetes mellitus condition often arises, while pancreatic islets of β-cells 
exhibit insufficient secretion of insulin for metabolizing glucose to control high 
glucose level (hyperglycemia). T1DM nearly affects children, hence named as “juve-
nile diabetes” or “insulin-dependent diabetes”. Besides, it only affects 5–10% of 
the population [8]. Variety of antibodies produced during T1DM are referred to as 
islet cell antibodies (ICA). The three primary antibodies produced in opposition 
to pancreas in the course of T1DM are Anti-insulin (IAA), Glutamic acid enzyme 
(GADA) and Insulinoma-affiliation macromolecule antibodies (IA2A). Moreover, 
ICA is the primary auto-antibody usual in T1DM patients. Macromolecule anti-
bodies are produced in opposition to insulin and pro-insulin and had been detected 
earlier than supplementing exogenous insulin in the course of T1DM. GADA and 
IA2A were detected around 75–80% in populace produced via way of means of 
β-cells in the course of T1DM. GADA plays a role in synthesizing amino-butyrate 
in pancreatic cells. The human leucocyte complex (HLA) exactly the DR… and DQ 
genes, plays an essential role in pathogenesis of T1DM [9]. Genes belonging to 
HLA family are HLA-DQA1, HLA-DQB1 and HLA-DRB1. The HLA system plays 
an efficient role in immune system by differentiating native proteins and proteins 
produced by foreign viruses and bacteria. T-lymphocyte (proteins), CeCmotif, MHC 
(Class II DQα1), MHC (Class II DQβ1), IL-2a, IL-6, insulin, 2'-5'- oligoadenylate 
synthetase 1, PTP (Protein tyrosine phosphate) and the small ubiquitin-like modifier 
4 are a variety of genetic loci relevant with T1DM. Modulation of insulin synthesis 
is caused due to variation in genetic loci present in altered chromosomes. Etiology 
(The cause or origin of disease) particularly of T1DM includes various environmental 
conditions, such as stress and viral infections [10]. Figure 12.2 illustrates the cause 
of type 1 diabetes.
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Fig. 12.2 Showing the 
cause of type 1 diabetes 

12.1.2 Type-Two Diabetes Mellitus 

Type 2 diabetes mellitus circumstance is not unusual in vintage age and therefore 
named as “Adult-onset diabetes” and about 95% of populace instances are evidenced 
globally [11]. T2DM is characterized via the means of reducing the manufacturing 
of insulin or failure of pancreatic β-cells. Decreased shipping of glucose into the 
liver, adipocytes and muscle tissues are the consequences of T2DM [12]. Besides, 
the prognosis of T2DM stays doubtful for plenty years, which lead persistent effects 
due to persisting hyperglycemic circumstance. Moreover, T2DM may be a genetic 
defect that is the end result of interactions among numerous genes and environmental 
aspects. Generally, T2DM is accompanied with ageing and way of lifestyle along 
with bodily inactivity, sedentary habits, and extended consumption of alcohol in 
addition to cigarette smoking that extensively ends in T2DM severity. Surprisingly, 
T1DM and T2DM possesses, an identical genetic historical past while; the genetic 
foundation of T1DM is extra big in assessment to T2DM [13]. Triggle et al. [14] 
have evidenced that threatened hazard elements aren’t handiest constricted to a place 
or an organ in fact, it develops due to more than one gene interactions localized 
on complete genome [14]. TCF7L2 (Transcription aspect like 7-like 2), PPARG 
(Peroxisome Proliferator Activated Receptor Gamma), CDKAL1 (Cdk5 regulatory 
related protein 1-like 1), JAZF1 (Juxtaposed with every other zinc finger gene 1), 
HHEX (Hematopoietically Expressed Homebox), SL30 A8 (Solute provider own
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Fig. 12.3 Illustration 
listing the causes of type -2 
diabetes 

circle of relatives 30 member 8) and IGF2BP2 (Insulin-like boom aspect 2 mRNA-
binding protein 2) are the numerous genes. Figure 12.3 predicts the causes of type 2 
diabetes. 

12.1.3 Type-Three Diabetes 

Type-3 diabetes (T3DM) may be a neuro-endocrinal disorder that immediately 
affects the development of T2DM to Alzheimer’s disorder (AD) [15]. Moreover, 
T1DM leads to disorder of diverse signaling pathways which includes inflam-
matory responses, insulin-increase issue signaling, ApoE4A allele, acetylcholine 
esterase interest in addition to vascular alteration of mind capillaries. Recent research 
has verified a hyperlink among systematic alterations, which includes dementia, 
obesity, diabetes, mind-insulin resistance and metabolic syndrome [16]. Gener-
ally, Alzheimer’s disorder is marked through down-regulation of hormone insulin 
and neuronal insulin receptors compared to age-matched controls. These deformity 
changes, results in sluggish irregularity in entire insulin signaling cascade, which 
in turn leads to improvement in insulin resistance [17]. A link among deassocia-
tion of proteins, mind-insulin resistance in addition to cognitive impairment become 
evidenced through Sultana and their co-workers [18]. Figure 12.4 represents the 
causes of type-3 diabetes.
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Fig. 12.4 Illustration 
listing the causes of type-3 
diabetes 

12.1.4 Gestational Diabetes Mellitus 

Pregnancy-related metabolic dysfunction, markedly elevated blood sugar levels 
(hyperglycemia), the development of diabetic-like symptoms in the mother, and the 
negative effects on the growing foetus are what give rise to the term “gestational 
diabetes mellitus.” Pregnant women who have high blood sugar have a higher inci-
dence of harmful maternal, foetal, and neonatal diseases. Pregnant women who are 
carbohydrate intolerant tend to develop gestational diabetes [19]. Women diagnosed 
with gestational diabetes mellitus typically possess a higher chance of developing 
frank diabetes (pre-diabetes). Furthermore, gestational diabetes mellitus (GDM)

Fig. 12.5 Representation of the cause of gestational diabetes mellitus
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significantly increases the chance of neonatal mortality as it reasons maternal hyper-
glycemia, which triggers the forced release of more and more insulin, which in turn 
stimulates foetal growth abnormally and increases birth weight. After delivery, this 
hyperglycemia in women may be reversed, according to [15]. Figure 12.5 suggests 
the causes of Gestational diabetes mellitus.

12.2 Treatments for Diabetes 

12.2.1 Allopathic Drugs 

Various drugs are used in the treatment of diabetes mellitus. However, exclusively 
prescribed anti-diabetic drugs are Glibenclamide and Lipoic acid and due to its effi-
ciency as well as compliancy, the development of new formulation including both 
the substances which came into existence, therefore acting as a multi-goal drug 
system. Primary motive of this chapter is to focus on the formulation including 
physicochemical characterization of recent polymeric progresses primarily based 
on chitosan (CS) in which matrix are encapsulated with glibenclamide (Gly) and 
lipoic acid (LA). Micro-particles (CS-Gly, CS-LA, and CS-Gly-LA) victimisation 
ionic gelatin process together with pentasodium tripolyphosphate (TPP), a cross-
linking agent can be preferred relevantly for the preparation of polymeric systems. 
Principally, other allopathic drugs are “sulfonylureas”, “biguanides”, “glinides”, 
“thiazolidinediones”, “alpha-gluconidase inhibitors”, “SGLT-2 (Sodium-glucose 
Cotransporter-2) inhibitors” and “DPP-4 inhibitors”. 

The main aim of anti-diabetic remedy is to decrease the elevated glucose level 
that in most of the cases, fails to attain. Likewise, mainly anti-diabetic drugs results 
in hypoglycemia, liver injury as well as kidney failure, diabesity, hypersensitivity 
reactions and gastrointestinal complications. 

Moreover, glibenclamide being a second-technology, sulfonylurea is more regu-
larly recommended in case of type 2 DM (T2DM); while remedy with biguanides or 
first-technology fails to control hyperglycemia. It mainly acts by control endocrine 
secretion in duct gland islets of β-cells and subsequently leads to decrease in blood 
glucose level. Although it’s intense as well as long-term duration, yet Gly, possesses 
poor water-solubility that results, in deduce and variable oral bioavailability (Table 
12.1).

12.2.2 Plant Extracts 

Plant-derived polyphenols also plays a significant role in curing diabetes. It comprises 
of a polyphenolic compound that helps in regulating blood glucose level. Polyphenols 
acts as notable antioxidant molecules. Moreover, to some extent, they are successful
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Table 12.1 Showing allopathic drugs and their side effects 

S.No Allopathic drugs Side effects 

1 Biguanides GI side effects (diarrhea) 
Kidney damage, 
Anxiety, 
Nerve damage, 
Vitamin B12 deficiency, 
Lactic acidosis (rare) 

2 Sulfonylureas ↑Cardiovascular risk (CV) risk, 
Hypoglycemia (Due to excessive dosage), 
Obesity, 
Hepatic failure 

3 Thiazolidisnediones ↑Weight, 
Bone fractures, 
↑LDL-C (rosiglitazone), 
Anemia, Swelling (edema) from fluid retention, 
Mascular edema (in eyes), 
Heart attack (Myocardial infarction) 

4 GLP-1 analogs GI side effects (diarrhea), 
↑Heart rate, 
Acute pancreatitis (Inflammation), 
C-cell hyperplasia/medullary thyroid tumors in 
animals, Injectable, 
Upper respiratory infection, 
Weight loss 

5 DPP-4 inhibitors Angioedema/utricaria and other immune-mediated 
dermatological effects, 
Acute pancreatitis, 
↑Heart failure, 
Urinary tract infection 

6 α-gluconidase inhibitors Gastrointestinal issues (Diarrhea), 
Flatulence 

7 SGLT-2 inhibitors Urinary tract infection, 
Urination 

8 Meglitinide ↑Weight, 
Hypoglycemia 

9 Bromocriptine Constipation, 
Heartburn, 
Loss of apetite, 
Stomach cramps

in treating diabetes, but in most of the cases, it fails to do so. Besides, they also lead 
to some side effects (Table 12.2).
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Table 12.2 Enlisted below depicts some plants and their parts, which prefers to treat diabetes 

S.No Plant name Plant part References 

1 Urticadioica (Stinging nettle) Leaves [20] 

2 Carthamustinctorius 
(Safflower) 

Flower [21] 

3 Bauhiniaforficate (Brazilian 
orchid tree) 

Leaves [22] 

4 Salvia nemorosa (Sage) Aerial part [23] 

5 Ginseng sp. (Asian ginseng) Roots, stalk, leaves, and berries [24] 

6 Cinnamomum verum 
(Cinnamon) 

Whole plant [25] 

7 Dendrobium chrysotoxum 
(Golden-bow Dendrobium) 

Aerial parts [26] 

8 Zingiber zerumbet (Bitter 
ginger) 

Roots [27] 

9 Kaempferia parviflora Roots [28] 

10 Opuntia monacantha 
(Culinary) 

Leaves [29] 

11 Aloe vera Leaf [30] 

12 Trigonella foenumgraecum Seed [31] 

13 Bauhinia forficate Leaf [32] 

14 Gymnemasylvestre Leaf [33] 

15 Swertia punicea Whole plant [34] 

16 Combretum micranthum Leaves [35] 

17 Sarcopoterium spinosum Roots [36] 

18 Liriope spicata Leaves [37] 

19 Caesalpinia bonducella Seeds [38] 

20 Terminalia chebula Seeds [39] 

21 Achillea santolia Aerial parts [40] 

22 Cynomorium coccineum Flower, root [41] 

23 Avicennia marina Branches [42] 

24 Moringa oleifera Fruit [43] 

25 Ocimumforskolei Leaf [44] 

26 Azadirachta indica Leaf, bark [45] 

12.2.3 Nanoparticles 

Nanoparticles can be defined as a nanodimensional solid entity that is used to 
deliver RNA and proteins in order to analyze the diseases as well as to detect 
the extent or progression of disease. Polysaccharides, lipids, metals and polymers 
are the building blocks of nanoparticles. Nanoparticles are smaller than 100 nm in
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size. Nanoparticles used for treatment of diabetes are of two types: nanocapsules 
and nanospheres. Generally, nanocapsules encapsulate drugs in outermost empty 
shell while in nanospheres, drugs are dispersed in the matrix of a particle. Actu-
ally, nanocapsules and nanospheres together constitute, the term nanocarriers hence, 
known as nanoparticles. Above all, these nanoparticles are specialized in conjugating 
to compounds including cell-penetrating peptides (CPPs) that results in facilitating 
the transduction of proteins likewise, insulin into cells by penetrating the plasma 
membrane. 

On the basis of insulin delivery in diabetes treatment, nanoparticles can be 
categorized into following: 

Polymeric biodegradable nanoparticles 

Polymeric micelles 

Ceramic nanoparticles 

Liposomes 

Dendrimer 

Qiao et al. [46] reported that nanotechnology may be characterized because the 
monitoring, construction, repairing as well as control of human organic structures 
at cell degree via means of production substances and systems at molecular degree 
[46]. Hence, nanomedicines are available for the treatment of diabetes by the integra-
tion of medicines and nanotechnology. Nanoparticles, are to be exploited efficiently 
for nanomedicines [47]. Nanomedicines can be an applicant for the detection of 
molecules including DNA or proteins, imaging enhancers and focused on precise 
tissues in order to supply healing agents [48]. 

There are significant disadvantages for nanotechnology in the field of its users. 
The surface area of nanoparticles is greater than their volume. Poor drug delivery is 
caused by friction and the inevitable clumping of nanoparticles into bigger structures. 
As a result, because of their tiny size, these drug carriers are eliminated by the body’s 
excretory systems. Initially, it was shown that nanoparticles cause medication carriers 
to build up in the skin and eyes. Therefore, nanotechnology does not successfully 
aid in the treatment of diabetes, TB, or cardiovascular disorders. For the treatment 
of diabetes, none of these therapeutic choices are adequate. 

12.3 Chitosan 

Chitin is the second abundant sustainable biopolymer that exists in nature, cellulose 
being first [49]. This polysaccharide with marvellous properties is extracted from the 
residual matter formed chemically or enzymatically treatment of shells of crabs and 
shrimps [50]. Over the past few years, chitosan has been recognized for its excellent 
physical and biological properties like low viscosity, biocompatibility, maximum 
water-solubility and perishable in nature as compared to chitin, which enables
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Fig. 12.6 The 
3-dimensional shape of 
chitosan 

wide scale applications [51]. Figure 12.6 represents the 3-dimensional structure of 
chitosan. 

Over the last 3 years, various studies have been conducted on chitosan due to 
its various applications that specially emphasized on pharmacology, chemistry and 
polymeric sciences including life sciences [52]. 

Additionally, chitosan is produced chemically (through acid hydrolysis and oxida-
tive degradation) or biologically (via microwave degradation and UV radiation, 
including an enzymatic degradation process) [53]. Although industrial scale chitosan 
manufacturing relies heavily on chemical decomposition methods such as acid 
hydrolysis due to their efficient operating procedures and affordable output. 

For the degradation of chitin, a few of the acidic reagents most frequently utilized 
are hydrochloric acid, nitric acid, and hydrofluoric acid. The majority of the time, 
hydrochloric acid is used in catalytic settings at 80 °C for 1–2 h [54]. However, one 
of the main downsides of chemical degradation is the convolution of the resultant 
chemicals that must be removed or purified. Additionally, these hazardous chemical 
complexes frequently contaminate the environment by discharging a sizable quantity 
of hazardous waste in response to bodily deterioration [55]. 

During the past few years, enzymatic degradation has been known profoundly 
because of its excessive stage of analyzation of chemical reaction sites. Chitinases is 
one among the more often used enzymes that are generally preferred by latest studies 
[56]. The enzymatic degradation being non-poisonous and controllable, hence not 
needing the elimination of salt. Nevertheless, enzymatic methods possess a mild 
impact over chitosan products, likewise chemical shape and organic activities [57]. 
However, this method provides certain drawbacks which includes excessive manufac-
turing costs, terrible practicality and tough response circumstances that leads to diffi-
culties in industrial manufacturing. Recently, merging of above strategies is exces-
sively utilized in manufacturing of commercial chitosan. After purification process, 
in order to analyze the degree of deacetylation and polymerization, chitosan is in 
addition distinguished by nuclear resonance or mass spectrometry [58]. Figure 12.7 
illustrates the biomedical applications of chitosan.

Chitosan provides an amazing chemical as well as pharmacokinetic attributes 
i.e., (bioavailability, biocompatibility and low toxicity) [59]. Chitosan, because of 
the presence of glucosamine possesses a positive net surface charge at an acidic
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Fig. 12.7 Biomedical applications of Chitosan

pH scale that facilitates chitosan in linking with anion macromolecule in the secre-
tion layer. Mucoadhesion attributes of chitosan had been achieved electrostatically, 
hydrophobic interaction as well as hydrogen bonding [60]. Therefore, the hydroxyl 
and amino groups presence within the spine of chitosan provides a wide range of 
chemical modifications which increases solubility, progresses mobiliary absorp-
tion and facilitates future launch of medication [61]. Hence, this attribute favors 
chitosan absorption of intestinal and nasal cells and leads to an amazing passage for 
mobilization of medication [62]. 

Though the majority of biomaterials for medication administration don’t seem 
to be allowed by the Food and Drug Administration (FDA), chitosan is surprisingly 
permitted for tissue engineering [63]. Because of this, chitosan-based drug trans-
porters are designated as another type of biomaterial due to their distinctive property. 
Numerous formulations, such as capsules, tablets, and micro/nanocomposite, can be 
made from chitosan to generate a wide range of medical and pharmaceutical devices 
[64]. Amazingly, different types of chitosan have a considerable impact on improving 
diabetes related fat and glucose metabolism. More recently, chitosan offers certain 
cutting-edge carriers that are useful in delivering anti-diabetic medications to specific 
areas [65]. 

Chitosan is considered as a promising and excellent carbohydrate polymer due to 
its significant chemical as well as pharmacokinetic properties in biomedical applica-
tions. Chitosan plays an essential role in diminishing hyperglycemia, and depending 
on diabetes mellitus that is associated with imbalanced lipid metabolism and prolif-
erating pancreatic β-cells have been reported recently. In order to decrease glucose 
level, chitosan has been used in various nanocarriers for delivering variety of anti-
diabetic drugs. Additionally, chitosan-based nanocarriers are utilized as an anti-
diabetic drug in diminishing hyperglycemia. Hence, chitosan is recognized as the 
first anti-diabetic drug preferred for oral administration against diabetes mellitus.
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Therefore, chitosan also plays an imperative role such as in delivering and operating 
stem cells and further distinguishing them into pancreatic like β-cells for curing type 
1 diabetes mellitus. 

Diabetes is acknowledged as the most prevalent and difficult health issue in the 
twenty-first century. High glucose levels (hyperglycemia), a collection of endocrine-
metabolic disorders brought on by inadequate insulin production, are a defining 
feature of diabetes. Hepato-renal damage, adult-onset blindness, lower limb ampu-
tations, heart disorders, stroke, nerve damage, and high blood pressure were some of 
the various organ failures it caused. Additionally, diabetics are more likely to develop 
cardiovascular issues such as atherosclerosis, hypertension, aberrant lipoproteins, 
and cerebrovascular illness. 

12.3.1 Chitosan Nanoparticles 

Numerous insulin-loaded nanoparticles, including those made of lipids, metals, 
natural polymers, proteins, and synthetic polymers, have been shown to be effec-
tive for oral administration [66]. Due to their small size and higher surface area to 
volume ratio, nanoparticles are thought to be effective because their retention time 
before reaching intestinal absorption is too long, enhancing penetration and bioavail-
ability. Consequently, decreasing encapsulant frequency and doses and increasing 
patient compliance [67]. 

Different natural nanoparticles have been used over the years to alleviate the prob-
lems associated with oral insulin absorption while utilizing cutting-edge nanotech-
nology. Due to its incredible characteristics, chitosan and its derivatives have been 
widely used in formulations for oral insulin delivery. As a result, by acting as a 
mucoadhesive and having the ability to open tight connections of epithelial cells, 
chitosan serves as an effective insulin transporter. These characteristics, which 
provide positive feedback, are present in the chitosan surface amine groups [68]. 

Typically, nanoparticles made from chitosan or its derivatives have a positively 
charged surface. Surprisingly, chitosan’s distinctive functional groups have shown 
that it can be exploited to satisfy specific aims by creating a polymer with a wide 
range of prospective uses [69]. Therefore, a variety of techniques, including ionic 
gelation, emulsion solvent diffusion, polyelectrolyte complexion, emulsion-droplet 
coalescence, reverse micelle creation, complex coacervation, or solvent evaporation 
procedures, can be used to create chitosan nanoparticles. 

12.3.1.1 Role of Chitosan Nanoparticles 

Diabetes mellitus, a more complex form of metabolic syndrome that causes elevated 
blood glucose levels, is comparatively more common worldwide. It has been estab-
lished throughout the last few decades that diabetes mellitus has a major negative 
impact on health. As of now, diabetes mellitus requires sufficient care and supervision
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while using multifactorial hazard reduction strategies [70]. Notably, the main goal is 
to maintain normal plasma glucose levels because failure to control persistent hyper-
glycemia can cause serious health issues such as cardiovascular disease, neuropathic 
conditions, nephropathy, and retinopathy. In order to maintain blood glucose levels 
in people with type 1 diabetes and recently in people with diabetes 2, subcutaneous 
insulin infusion is necessary [71]. 

12.3.1.2 Role of Chitosan in Enhancing the Pathophysiology of Diabetes 

Chitosan and its derivatives work wonders at reducing high glucose levels in diabetic 
mice [72]. The liver and muscles are two primary glucose routes that are both up 
and down regulated by chitosan’s antihyperglycemic actions. For studies to lessen 
the effects of diabetes mellitus, chitosan of various sizes and molecular weights 
(MW) are needed. Chito-oligosaccharide biguanide (COSG), a type of chitosan that 
is commercially accessible and structurally similar to metformin, inhibits pancreatic 
beta-mobile cell death and increases insulin production in diabetic rats [73]. Addi-
tionally, consumption of chitosan accelerates the production of hepatic glycogen in 
diabetic rats and increases the expression of the glucose transporter gene 4 (GLUT4) 
in adipose tissues [74]. 

Chitosan increases glucose uptake through skeletal muscle, which may be a result 
of increased GLUT4 and Akt (Ak strain transforming) phosphorylation in rats with 
diabetes that was induced by streptozotocin (STZ). Additionally, chitosan aids in 
lowering phosphoenolpyruvate carboxykinase expression as well as the degree of 
phosphorylation of the p38 protein in the liver. Amazing enzyme phosphoenolpyru-
vate carboxykinase (PEPCK), advances the irreversible gluconeogenesis process and 
plays a critical role in maintaining glucose homeostasis [75]. 

Adenosine monophosphate protein kinase (AMPK) is a crucial protein that regu-
lates the energy levels of cells; it was shown that diabetic rats treated with chitosan 
had higher levels of AMPK phosphorylation. Subsequently, law of AMPK and 
PEPCK (Phosphoenolpyruvate carboxykinase) may be a superb method in retrieving 
diabetes with chitosan remedy [76]. Advancingly, while chitosan oligosaccharide 
anti-diabetic properties was utilized to examine rats with induced STZ-caused 
diabetes the results implied that plasma glucose tiers had been lowering more or 
less from 19% with 0.3% chitosan oligosaccharide supplementation. Likewise, some 
others have a look at demonstrated the LDL cholesterol-decreasing impact of exces-
sive and lower molecular weight chitosan. Besides, the large molecular mass of 
chitosan laid a key impact in decreasing general plasma LDL cholesterol with STZ-
caused diabetes in cases of rats is considered as the highest one on deducting hyper-
glycemia with various pathways. Therefore, the advanced biochemical serum param-
eters together with serum glucose in addition to triglyceride levels, have been identi-
fied to have reduced the molecular weight of chitosan. Furthermore, long-time period 
intake of low-molecular chitosan oligosaccharides owing to excessive calorie weight 
loss program in diabetes mouse version become relevant with significant discounts in
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speedy glucose, glycosylated hemoglobin, and inhibition in the small gut. Addition-
ally, it is observed that chitosan ingestion in rats fed with fructose-wealthy weight 
loss program; Adiponectin, a protein secreted with the aid of using adipose tissue, 
elevated; inhibition of gluconeogenesis, resulting in declining glucose level. 

12.3.1.3 Chitosan for Diabetes Mellitus as a Drug Shipping Provider 

Every medication provides a special property to hit the goal at a foremost dosage. 
Moreover, due to an amazing development in therapeutic research on chitosan; it has 
become a multi-faceted anti-diabetic agent in addition to a green provider of medi-
cations. Chitosan possesses the ability to move and launch biomolecules including 
genes, hormones in addition to vitamins. Especially drug delivery and drug routes can 
be provided by chitosan-based transporters who prefer each of oral as well as subcu-
taneous injection. Till now, diversity of drug shipping research has been completed 
through the usage of chitosan nanocarriers for one-of -a-kind diseases, likewise 
cancer, cardiovascular disease, etc. Among them, in vitro and in vivo experiments, 
plays a vital role in anti-diabetic drug assessments. 

12.3.1.4 Glucagon-Like Peptide-1 

GLP-1 could be a well-known peptide that provides an anti-diabetic impact with the 
aid of using evoked internal secretion in exocrine gland β-cells. Hence, Chitosan 
based nano and micro formulations were utilized for the stimulus-sensitive and site-
goal delivery of GLP-1. The researchers formulated a site-unique multi-functional 
oral drug transport version for the treatment of type 2 Diabetes mellitus. Porous 
nanoparticles obtained from semiconducting material (PSi) became implemented to 
the pH-sensitive nano matrix polymer. 

Previous studies reported that co-cultures of Caco-2 and HT29-MTX, and floor 
functionalization with chitosan PSi nanoparticles resulted in significant permeability. 
A positive penetration of PSi nanoparticles covered with chitosan within the intestinal 
obstructor, those difunctionalized nanoparticles resulted in delivery of anti-diabetic 
drug impact of GLP-1(Glucagon-like peptide 1) and dipeptidyl peptidase-four (DPP-
4) protein inhibitors. Moreover, it has been studied that the formulations are fabri-
cated in such an excellent way that they could launch GLP-1 in addition to DPP-4 at 
both pH (1.2 and 6.8). Hence, coadministration of GLP-1 and DPP-4 inhibitors 
with chitosan-working PLGA (Poly D, L-lactic-co-glycolic acid: most effective 
biodegradable polymer) nanoparticles conjugated to cell-penetrating peptides might 
be used to combat the diabetic ailments. While, in case of non-over-weight rats, twin 
dosage induces hypoglycaemic impact consequently, and blood sugar tiers have been 
decreased.
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12.3.1.5 Small Peptide Exendin-4 Delivery 

It has been studied that in vivo and in vitro conditions, chitosan possesses the ability 
to combine and release the tiny peptides including exendin-four. 

The exendin-4 anti-diabetic peptide and lower molecular weight chitosan (LMCS) 
may be combined into a novel form for oral administration that has disulphide link-
ages that may dissolve in a physiological setting. Therefore, by combining posi-
tively charged LMCS and negatively charged exendin-4, the peptide will be protected 
against GI hydrolytic enzymes. This integration can preserve the form of the exendin-
4 to a 90% degree while having no impact on its biological characteristics. After being 
administered orally to diabetic mice, these nanocomposites caused insulin secretion 
and had a wonderful hypoglycaemic effect. 

Additionally, chitosan and poly (-glutamic acid) nanoparticles (chitosan/-PGA 
NP) united with exendin-4 could also be created and utilized in combination with 
insulin to lessen the discomfort of type 2 diabetes. The authors hypothesised that 
because of the chitosan fragments’ lifestyles, chitosan/-PGA NP improves the ship-
ping of insulin and exendin-4 over the enteral barrier. As a result, oral administration 
of nanoparticles dramatically decreased plasma glucose levels in type 2 diabetic rats. 
Additionally, an examination of the Materia medica of insulin and exendin-4 signifies 
their stability. 

12.3.1.6 Role of Chitosan and Its Derivatives by Suppressing 
Supermolecule-Hydrolysing Enzymes 

Carbohydrate-hydrolysing enzymes disintegrates carbohydrates into monosaccha-
rides thereby, decreasing the diversion of internal organ carbohydrate-hydrolysing 
enzymes which in turn restricts the absorption of glucose in gut succeeding in 
decreasing glucose levels. Consequently, inhibition of carbohydrate-hydrolysing 
enzymes can be useful in ameliorating diabetes. Carbohydrate organic process 
enzymes that include α-amylases and α-glucosidases found in mammals play an 
essential role in remodelling of monosaccharides such as glucose as well as levulose 
from digestible carbohydrates to be quickly absorbed via., bloodstream. Therefore, 
obstructing those enzymes sports as much as a positive degree will normalizes the 
elevation in blood glucose levels. Additionally, water soluble chitosan derivatives 
result in undertaking α-amylase and α-glucosidase. 

Supplementation of long-time period COS (Chito-oligosaccharide) can drasti-
cally harmonize hyperglycaemia while, glycated hemoglobin A1c(HbA1c) degrees 
in db/db in case of mice suggests that of decreasing intestinal sucrase as well 
as glucoamylase diversion and managing the expression of mRNA of sucrase-
isomaltase (SI) compound. Moreover, MW of COS with thousand Da establishes 
a great capacity in governing postprandial degrees of blood glucose in Sprague– 
Dawley (SD) rats as it becomes more frequently absorbed into move rather instead 
of COS with better MW.
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12.3.1.7 Role of Chitosan and Its Derivatives in Diminishing 
Hypoglycaemic Agent Resistance Thereby Progressing 
Aldohexose Uptake 

Hypoglycaemic agent resistance is one among the first indicators of diabetes, distin-
guishes with the aid of using a decreased amount of insulin in case of goal tissues 
along with adipose tissue, liver and musculus. In fact, GLUT4 is the primary glucose 
transporter in case of fat tissue and skeletal muscle while GLUT2 is the primary 
glucose transporter in case of duct gland islets. COS supplementation ameliorates 
insulin sensitivity index in addition to glucose tolerance in STZ-triggered diabetic 
mice accompanied by high-calorie diet and additionally in a look at utilizing db/db 
mice, similarly diminished insulin resistance. 

An associated degree offered specific in vivo anti-diabetic impact of COS with 
1.5 × 103 Da greatly leads to the expression of GLUT4. COS prevents apoptosis 
of duct gland β-cells in vivo and provides protection against rupturing of pancreas. 
However, COS plays a significant role in differentiation of INS-1 cells in vitro and 
increases GLUT2 with the aid of using complete release of insulin. Further, these 
consequences verifies that COS provides a great capacity in defending apoptosis of 
pancreatic β-cells triggering with the aid of using STZ. 

12.3.2 Chitosan Polymers 

In order to enhance the biodistribution of flavonoid naringenin (flavonoid) associated 
with diabetic in vivo model, Smruthi et al. [77] created a polymeric NP [77]. Chitosan 
and alginate, two natural carbohydrate polymers, was used to organize naringenin 
NPs. With 50 mg/kg of naringenin NPs and orally ingested naringenin for 19 days, 
male Wistar rats that had developed diabetes due to streptozotocin were shown to have 
an anti-diabetic effect. Compared to oral loose compound, oral naringenin NPs play 
a critical role in effectively lowering blood sugar, LDL cholesterol, and triglycerides. 
Additionally, it is believed that naringenin NPs work far more effectively than loose 
oral naringenin at regulating pancreatic abnormalities seen during diabetes manage-
ment. Additionally, scientists showed that the creation of intermediate shell NPs 
with naringenin loaded chitosan and alginate promotes an outstanding. Additionally, 
researchers showed that producing middle shell chitosan-alginate nanoparticles with 
naringenin loaded on them causes great anti-diabetic responses in rats with diabetes 
mellitus brought on by streptozotocin. 

Kaushal et al. [78] demonstrated polymeric NPs in order to assess the phar-
maceutical efficiency in anti-diabetic research favring oral quercetin (flavonoid) 
delivery [78]. Quercetin NPs consumption was analyzed in vitro through utilizing 
human colonic epithelial cellular line HT29 and observed that cellular ingestion 
is predicted on the amount of quercetin NPs. Diabetic male Wistar rats, had been
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brought about with unfastened quercetin and quercetin NPs toanalyze the in vivo anti-
diabetic effects after oral remedy of 100 mg/kg frame weight for 28 days. Quercetin 
NPs exhibits maximum reduction in blood glucose tiers, without displaying any 
hypoglycaemic effect. Additionally, free oral quercetin furtherance LDL cholesterol 
and triglycerides levels, kidney and coronary heart cells, including regeneration of 
pancreatic β-cells. Hence, authors evidenced significant potential of quercetin as an 
oral delivery anti-diabetic drug. 

Taghipour et al. [79] fabricated amphiphilic chitosan derivatives loaded with 
scutellarin (flavonoid) distinguished as intestinal target NP carrier [79]. Scutellarin-
loaded chitosan-derivatives (nutrition B12) NPs were induced in normal male 
Sprague–Dawley rats, with a dose of 40 mg/kg for 8 weeks through single oral 
administration. It was observed that overall plasma concentrations of scutellarin had 
been better in animals while dealing with scutellarin NPs as compared to unfas-
tened scutellarin. Scutellarin NPs showed positive results in curing retinal damages 
in diabetic rats due to the excellent efficiency of scutellarin NPs. Admittedly, authors 
stated that scutellarin NPs proves to be more efficient in improving anti-diabetic 
consequences than unfastened scutellarin through oral administration. 

Samadder et al. [80] formulated PLGS NPs laden with pelargonidin (flavonoid) 
with an average size of 12 nm approximately [80]. Pelargonidin NPs synthesis is a 
time dependent method so the rate of distribution varies from cell living substance to 
nucleus that can be attained within two hours. Generally, pelargonidin NPs prefers 
thirteen minutes only whereas, free pelargonidin demands one hour nearly in case 
of cellular entry. Consequently, it was concluded, that pelargonidin NPs possesses 
higher maintenance in cellular aldohexose uptake in comparison to free pelargonidin. 
Pelargonidin NPs exhibits harmonizing effects in adjusting glucose homeostasis by 
assessing GLUT4 expression interpretation. Generally, Pelargonidin NPs prefers 
thirteen minutes only whereas, free pelargonidin demands one hour nearly in case 
of cellular entry. Pelargonidin NPs reveals 10 times more defensive effects over free 
pelargonidin in triggering glucose stability. Moreover, in vitro studies evidenced that 
pelargonidin NPs suppresses the circumstances of DM. 

Carbonare et al. [81] formulated polymeric NPs containing fisetin (flavonoid) for 
suitable oral administration [81]. Fisetin NPs can be prepared by comprising poly (ε-
caprolactone) PCL and PLGA-PEG carboxylic acid (PLGA-PEG-COOH). Fisetin 
NPs possesses a diameter that ranges from 140 to 200 nm, consisting of fisetin of 
about 70–82%. In the scope of oral administration, it was evidenced that these poly-
meric NPs provide protection as well as preservation of fisetin in gastric restoring 
conditions. In non-cellular assay (in vitro) experiments fisetin NPs also showed 
α-glucosidase inhibition activity. Fisetin NPs as well as free fisetin provides excel-
lent inhibition capability of α-glucosidase in comparison with acarbose (commer-
cial inhibitor). At last, it is concluded that these in vitro experiments evidenced 
the preserved antioxidant and anti-diabetic properties through nanoencapsulation 
method.
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Chapter 13 
Application of Chitosan Nanostructures 
Embedded Composite Materials 
in Cancer Therapy 

Sora Yasri and Viroj Wiwanitkit 

Abstract Chitosan is a naturally occurring polymer formed from the chitin found 
in the shells of many different animals, including shrimp, crabs, and squid. Weak 
organic acids dissolve their amino groups. It is capable of binding to both physiolog-
ically active chemicals and metal ions. Chitosan and its derivative biomaterials have 
recently piqued the interest of biomedical researchers due to their unusual biolog-
ical features. Non-toxicity, biodegradability, biocompatibility, immunostimulating, 
anticancer, antibacterial, and antimicrobial activity are the most important qualities 
of chitosan in the biomedical field. Encapsulating and delivering various substances 
improves water solubility, stability, and permeability into cells and helps manage 
the release of these molecules, particularly in medical and pharmaceutical applica-
tions. It can be used to treat and prevent a variety of illnesses more efficiently. It 
is also used in textile, food, agriculture, cosmetics, and other industries. Chitosan 
nanostructures integrated into composite materials are among the most recent types 
of nanomaterials being researched. Although using chitosan alone may be insuffi-
cient to result in an adequate antibacterial effect for a variety of purposes, combining 
chitosan with other active substances such as metals, drugs and natural compounds 
in nanosystems is a common strategy for increasing its application potential. These 
specific nanoparticles are actively being researched and developed. The authors will 
dwell deeper and look into one particular use of composite materials with embedded 
chitosan nanostructures in clinical cancer in this chapter. Chitosan has a number of
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roles in the management of malignancy. Chitosan can be used in both diagnostic and 
treatment. Many cancers, including lung, brain, and colon tumors, can be managed 
using composite materials with incorporated chitosan nanostructures. 

13.1 Introduction 

Chitosan (CAS 9012-76-4) is a natural polymer derived from chitin, which can be 
found in shrimp shells, crab shells, and squid cores, among other places, having amino 
groups that are soluble in dilute organic acids (Fig. 13.1). It has a strong affinity for 
metal ions and physiologically active compounds. Chitosan has numerous appli-
cations at the moment. Because of chitosan’s many unique features, including its 
non-toxicity, biocompatible (biocompatibility), biological degradability (biodegrad-
ability), and does not pose any environmental risks [1] Chitosan has been known 
as a natural material for over a century, but its application has not been extensively 
investigated. In 1975, a global gathering of scientists to research the features of this 
chemical revealed the fundamental qualities of chitosan. Scientists have researched 
chitosan and found that it is a positively charged material that may trap certain lipids 
that are negatively charged [1]. Japan conducted the first chitosan study in biological 
wastewater treatment. Chitosan has since been used in a variety of industrial applica-
tions. In 1859, Professor C. Rouget developed chitosan by boiling chitin in a strong 
solution of potassium hydroxide, resulting in a material having qualities distinct from 
chitin. It is soluble in dilute organic solutions, and Hoppe-Seiler termed it “chitosan” 
in 1894 [1–3]. 

Chitin, one of the most common natural polysaccharides on the planet, is largely 
used in the deacetylation process to generate chitosan [3]. Chitosan is a bioactive 
polymer with a wide range of uses due to its beneficial properties such as antibacterial 
activity, non-toxicity, ease of modification, and biodegradability [3]. Chitosan is an 
extract derived from shrimp or crab shells, as previously stated. As a result, it is 
regarded as a significant natural product. When you separate proteins and minerals, 
you generate chitin, which is a natural dietary fiber [4, 5]. It makes people feel full 
and aids in the burning of extra fat. Furthermore, it possesses a mesh-like structure 
that may absorb 8–10 times its weight in fat or fat in the digestive tract. The fat 
cannot be absorbed by the body. However, it will be eliminated with feces [4, 5].

Fig. 13.1 Chitosan. In the picture, three monomers of the molecule are shown, the green dot is the 
intermolecular bond 
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Chitosan has been advocated as a dietary supplement that can aid in weight 
management and blood cholesterol reduction. Numerous chitosan products are 
widely available in pharmacies and health food stores worldwide [5]. Chitosan is 
a polycationic (+) fibrillar biopolymer with cellulose-like characteristics that form 
films with negatively charged surfaces. Chitosan is not highly hydrolyzed by diges-
tive enzymes in humans, but there may be some limited digestion of chitosan due 
to bacterial flora and general enzymes. Chitosan’s positively charged tertiary amino 
group (−NH3 

+) strongly binds negatively charged molecules in the stomach [5]. 
As a result of its interactions with anionic carboxyl groups of fatty and bile acids, 
chitosan inhibits the emulsification of neutral lipids (such as cholesterol and other 
sterols) and decreases fat absorption from the gastrointestinal system [5]. Chitosan 
is currently one of the most readily accessible dietary supplement products on the 
market (Fig. 13.2). 

Even if employing chitosan by itself might not be sufficient to provide a suitable 
biomedical application, more research and development are still required. The new 
technique for material modification to increase the biological application is difficult. 
A novel biomedical application in medicine is the use of composite materials with 
incorporated chitosan nanostructures. It is already used in a number of medical 
specialties, including clinical oncology. Multiple functions of chitosan are involved in 
the treatment of cancer. Both diagnostic and therapeutic uses for chitosan are possible. 
Composite materials with chitosan nanostructures integrated can be used to treat a 
variety of malignancies, including lung, brain, and colon tumors. For biomedical 
professionals, knowledge of the use of chitosan nanostructures embedded composite 
materials in clinical cancer is new and not well discussed. The authors will continue 
to summarize, go into more detail, and address the use of composite materials with 
embedded chitosan nanostructures in cancer therapy in this chapter.

Fig. 13.2 Example of chitosan food supplementation product. The pictures are some famous locally 
available products in Southeast Asia 
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13.2 Chitosan Nanostructures Embedded Composite 
Materials 

Chitosan is made by deacetylating chitin, which is plentiful in nature. Chitosan 
is created by alkaline deacetylating chitin, an abundant polymeric by-product of 
natural biosynthesis found primarily in crustaceans. It is available in both a simple, 
unstructured structure and a microcrystalline structure [5]. The difficulty of chitosan 
to dissolve in water and the majority of organic solvents greatly limits the variety of 
applications in which it can be employed [2]. Chitosan is a polycationic (+) fibrillar 
biopolymer with cellulose-like characteristics that form films with negatively charged 
surfaces [6]. Human digestive enzymes do not considerably hydrolyze chitosan, but 
there may be a small amount of limited chitosan digestion caused by bacterial flora 
and general enzymes [6]. 

Chitosan’s positively charged tertiary amino group (−NH3 
+) strongly binds nega-

tively charged molecules in the stomach [6]. As a result of interacting with the 
anionic carboxyl groups of fatty and bile acids, chitosan inhibits the emulsification 
of neutral lipids (such as cholesterol and other sterols) and decreases fat absorption 
from the gastrointestinal system [6]. Chitosan is a low-cost, natural, and biodegrad-
able biopolymer. Chitosan is gaining popularity as a nanocomposite matrix due to 
its innovative properties for a wide range of applications [7]. There are numerous 
current alternative methods for creating embedded or coated nanoparticles, as well 
as shaping techniques that have been used (three-dimensional printing, electrospin-
ning), and the burgeoning applications for nanocomposites in areas such as corrosion 
prevention, tissue engineering, and medicine [7]. 

Chitosan and its derivative biomaterials have recently attracted a lot of atten-
tion in the biomedical arena due to their unusual biological properties. Chitosan’s 
most significant biological properties are non-toxicity, biodegradability, biocompat-
ibility, immunostimulating, anticancer, antibacterial, and antimicrobial activity [8]. 
Chitosan’s biodegradability was established in vitro and in vivo by dividing macro-
molecules into smaller monomer parts [8]. Living cells can interact with chitosan and 
its enzymatic degradation products without damage to their health, indicating that 
chitosan is biosafe. Chitosan can reduce chain oxidation by screening free radicals, 
lowering cholesterol absorption, and acting as an antibiotic and antibacterial agent 
against a variety of bacteria and fungi [8]. Only a few of the variables that are reported 
to affect the antibacterial activity of chitosan and its derivative biomaterials are the 
degree of deacetylation, molar weight, pH, the presence of metal cations, pKa, and 
the kind of bacterium [8]. 

Encapsulating and delivering various chemicals enhances water solubility, 
increases stability, increases permeability into cells, and can manage the release 
of these molecules, particularly in medical and pharmaceutical applications. It can 
be used to treat and prevent a variety of disorders. It’s also useful in cosmetics, food, 
agriculture, textiles, and other industries [1, 2]. Chitosan nanostructures incorpo-
rated in composite materials are a novel type of nanomaterial that is being explored 
extensively [1, 2]. Incorporating this biopolymer with other active substances such as
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medicines, metals, and natural compounds in nanosystems is a typical technique for 
increasing its application potential, even if chitosan alone may not create an effective 
antibacterial effect to fulfill diverse goals [9, 10]. Chitosan has been altered by nitra-
tion, alkylation, sulphonation, phosphorylation, xanthation, Schiff’s base generation, 
acylation, hydroxylation, and graft copolymerization [10]. 

It has been established that composite materials containing chitosan nanostruc-
tures have biomedical applications. Numerous studies have been published on the 
use of antibacterial drugs to treat infections. Among the suggested mechanisms 
for the intrinsic anti-pathogenic properties of chitosan-based biomaterials include 
interactions with microbial nucleic acids, chelation of microbial structures, and elec-
trostatic interactions between cationic chitosan and negatively charged pathogenic 
cell surfaces [11, 12]. The nanostructured composite biopolymeric nanostructure 
demonstrates the required properties for delayed and regulated drug release [11, 
12]. Nanoparticle-based medication formulations have been shown to be useful in 
the treatment of difficult ailments. A quick search of the major scientific publica-
tion databases reveals an astounding number of papers on nanoparticles designed 
for drug delivery purposes. Because of their inherent physicochemical diversity and 
configurable functionality, polymer particles and capsules are suitable candidates 
for modern pharmacology. This allows for more effective loading and encapsulation 
of various medicines (including genetic components, proteins, growth factors, and 
cells), as well as triggerable or programmed release mechanisms [11, 12]. There are 
numerous studies and developments on those specific nanomaterials at the moment. 

13.3 Application of Chitosan in Biomedicine 

Among the various qualities of chitosan are its water solubility, stimulus responsive-
ness, biocompatibility, biodegradability, and antibacterial activities [10]. As previ-
ously stated, chitosan is an extract obtained from shrimp or crab shells. As a result, 
it is recognized as an important natural product. Chitin, a natural dietary fiber, is 
produced when proteins and minerals are separated [4, 5]. It makes people feel full 
and promotes fat burning. It also has a mesh-like structure that can absorb 8–10 
times its own weight in fat or fat in the digestive tract. Fat cannot enter the blood-
stream and must be removed by feces [4, 5]. Chitosan has been promoted as a dietary 
supplement that can help with weight loss and cholesterol lowering. Several chitosan 
preparations can be found in pharmacies [1]. Because of its biodegradability, biolog-
ical compatibility, antibacterial and antioxidant activity, and high safety, chitosan 
has a wide range of uses [3, 4]. Fibers, gels, films, sponges, nanoparticles, or beads 
could all be used. The numerous biological activities of chitosan and its deriva-
tives are being extensively explored in order to broaden the application sectors in a 
wide range of disciplines. Chitosan’s natural properties are mainly dependent on its 
solubility in water and other solvents. Chitosan oligosaccharides with low polymer-
ization degrees are gaining popularity in pharmaceutical and medical applications 
due to their reduced viscosity and higher water solubility than chitosan [13].
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Furthermore, for a variety of applications, chitosan can be turned into scaffolds, 
fiber meshes, nanoparticles, nanovehicles, nanocapsules, nanoparticles, and three-
dimensional printed scaffolds [10]. Because nanocomposites interact with cells faster 
than bulk or micron-sized substrates or scaffolds, nanoparticles contained in chitosan 
matrices have been shown to have higher biological activity [10]. Chitosan-based 
nanomaterials have sparked substantial interest in a wide range of biological appli-
cations because of their particular chemical properties, such as desired biodegrad-
ability, compatibility, and non-toxicity. Chitosan is a biomaterial that can be used 
to construct extracellular tissue matrixes in tissue engineering [8]. It can be used 
to carry drugs to the brain as well as a number of therapeutic chemicals for the 
eyes, such as proteins, genes, and medications used to treat visual system disorders. 
Another medicinal purpose is its use in hemodialysis and renal failure [8]. Chitosan 
is frequently used as a delivery vehicle for active compounds and drugs [8], as well as 
in gene and cancer therapy, biosensor monitoring, and bioimaging. The authors aim 
on summarizing and explaining the specific use of chitosan nanostructures embedded 
composite materials in clinical cancer in this chapter. 

13.4 Chitosan Nanostructures Embedded Composite 
Materials in Cancer Therapy 

Chitosan has been widely employed in a variety of biomedical applications, including 
wound dressing as an antibacterial agent [8], medication delivery as a nano-sized 
carrier to target tumor tissue while impacting normal tissue locations slightly, gene 
transfer, hemodialysis, and dentistry [8]. Chitosan can be utilized on its own or 
in combination with other polymers, active agents, and metallic nanocomposites. 
Chitosan-based nanoparticles have a high permeability and retention impact, as well 
as the potential to cause apoptosis, which limits tumor cell proliferation [8]. Larger 
particles must be phagocytosed before being taken up by receptor-mediated endo-
cytosis, which can only take up particles as small as 100–200 nm [8]. Chitosan has 
various applications in clinical oncology. The two major goals of using chitosan 
nanostructures embedded composite materials in cancer therapy are diagnostic and 
therapeutic (Table 13.1) (Fig. 13.3). The application for diagnostic purposes entails 
the use of chitosan nanostructures implanted in composite materials to aid in illness 
investigation via clinical laboratory or clinical imaging approaches. The use of 
chitosan nanostructures implanted composite materials for therapeutic purposes is 
typically associated with anticancer drugs and the mediation process. Dual applica-
tion, theranostics, is also possible in some situations. It has been confirmed that the 
new chitosan nanostructures implanted in composite materials are quite useful for 
cancer management.

As previously stated, there are numerous current studies on the use of chitosan 
nanostructures implanted in composite materials for cancer therapy. The applications
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Table 13.1 Application of 
chitosan nanostructures 
embedded composite 
materials in cancer therapy 

Purposes Examples 

Diagnostic purpose Diagnostic assay 
Biosensor 
Nanoimaging diagnosis 
Theranostics 

Therapeutic purpose Drug formulation 
Drug delivery system 
Magic bullet and cancer targeting 
Tissue engineering and regenerative 
repair 
Photothermal cancer therapy 
Theranostics 

Fig. 13.3 Schematic diagram showing application of chitosan nanostructures embedded composite 
materials for diagnostic and therapeutic purposes in cancer therapy

of chitosan nanostructures embedded composite materials for cancer treatment will 
be listed below. 

13.4.1 Drug Formulation 

Chitosan nanoparticle composites can be made by utilizing ultrasonics to encourage 
consecutive precipitation; these composites can then be tested for their atomic-scale 
microstructure, surface charge, drug release properties, and anti-cancerous activity. 
For instance, Glavas-Dodov et al. [14] presented 5-Fluorouracil in topical lipo-
some gels for anticancer treatment. A study by Glavas-Dodov et al. examined the 
in vitro drug release characteristics of liposome gels containing the antineoplastic 
agent 5-fluorouracil [14]. According to this study, hydrogels released liposomes
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more quickly than those implanted in chitosan-structured vehicles [14]. According 
to Glavas-Dodov et al. research, the liposomes served as reservoir systems for the 
continuous distribution of the drug that was encapsulated and the drug released from 
them followed the Higuchi diffusion model [14]. 

13.4.2 Drug Delivery System 

Building multifunctional microspheres for remotely controlled drug release requires 
a careful selection of composite materials and production methods. Chitosan 
nanostructure-infused composite materials may be employed in drug delivery 
systems and may support the idea of remote-control release. This is helpful in 
the treatment of cancer. Chitosan was combined with the inorganic nanomaterials, 
graphene oxide and Fe3O4 and electro-sprayed to create homogenous microspheres 
with very small dimensions for anti-cancerous purposes, according to the Li et al. 
publication [15]. The anti cancer medication doxorubicin was then administered 
to the microspheres via an adsorption or embedding technique [15]. The find-
ings demonstrated that the presence of Fe3O4 causes the microsphere to respond 
to magnetic fields, and the addition of graphene oxide increases the drug loading 
capacity [15]. The results also demonstrated that the quick stimuli-responsive release 
of doxorubicin may be easily controlled by using NIR irradiation due to the consid-
erable photothermal conversion of Fe3O4 and graphene oxide [15]. Another extrinsic 
mechanism for the release of doxorubicin was ultrasonic stimulation [15]. In a 
different investigation, Tamoxifen, a crucial anticancer medication, was added to 
MCF-7 and cancer cell cultures and examined for antiproliferative activity by Rossi 
et al. [16]. Tamoxifen was also embedded in sodium alginate microparticles from 
Kelco and Fluka. According to Rossi et al., the formulation of the microparticles 
may improve selective toxicity based on the alginate used; changes in the chem-
ical alginate composition can greatly increase anticancer drug activity and minimize 
anticancer drug toxicity [16]. 

13.4.3 Tissue Engineering 

Tissue loss could be an issue in some malignancies. An intriguing medical therapeutic 
strategy is the use of composite materials with embedded chitosan nanostructures 
for tissue engineering and regeneration. Using a combination of tissue flap, nanoth-
erapeutic, silk fibroin, and chitosan scaffold, Gupta et al. reported on the healing 
and regeneration of a resected tumor defect [17]. The scaffold-emodin nanoparticle 
composites were developed and examined for drug entrapment and release, mechan-
ical strength, and efficacy against breast cancer cells in vitro and in vivo in an animal 
tumor model [17]. The amount of entrapment was determined by the composition of 
the scaffold and the emodin loading concentration when emodin nanoparticles were
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implanted in silk fibroin and chitosan scaffolds [17]. Gupta et al. discovered that 
tumors treated with emodin-loaded silk fibroin and chitosan scaffolds had decreased 
presence and size as well as equal regeneration of new tissue as compared to untreated 
tumors [17]. However, there was no discernible difference in tumor size across the 
in vivo test groups. 

A quick-prototyped tissue engineering scaffold with an embedded multicompo-
nent matrix for regulated drug release was reported in a different study by Chen 
et al. [18]. By using freeze-drying manipulation, a quick prototype macroporous 
polycaprolactone scaffold was implanted into a porous matrix made of nanoclay,
-tricalcium phosphate, and chitosan [18]. By adjusting the kind and amount of each 
component, Chen et al. theorized that the scaffold might be used therapeutically 
in reconstructive surgery after bone tumor removal and in other tissue engineering 
applications that need local sustained drug release [18]. 

13.4.4 Photothermal Therapy 

In clinical oncology, photothermal therapy is a novel and intriguing treatment option 
for cancer. Chitosan nanostructures can be integrated into composite materials for 
this specific function. Due to their inherent localized and controlled release prop-
erties, hydrogels are excellent drug or nanoparticle delivery systems. In partic-
ular, the use of hydrogels for the delivery and release of photoresponsive drugs 
or nanoparticles is gaining popularity [19]. In a recent study by Xia et al. [19], meso-
tetrakis(1-methylpyridinium-4-yl) porphyrin (TMPyP) was enclosed in an injectable 
hydrogel comprised of glycol chitosan and dibenzaldehyde-terminated telechelic 
poly (ethylene glycol). 

Xia et al. found that the hydrogel’s reduced self-quenching action resulted in a 
markedly increased fluorescence intensity of TMPyP [19]. The TMPyP-hydrogel 
system’s extraordinary anticancer efficacy and great fluorescence emission property, 
according to Xia et al., advance the development of imaging-guided photodynamic 
treatment [19]. A novel iodinated chitosan-backboned conjugate was created and 
synthesized by Lim et al. in a distinct study to create self-assembled biopolymeric 
nanoparticles with better singlet oxygen production and biological advantages [20]. 
According to this work, the self-assembled nanoparticles with biocompatible, posi-
tively charged, and tumor-homing properties have a high tumor targetability both 
in vitro and in vivo due to their glycol chitosan-surfaced exterior [20]. The intra-
particle heavy-atom effect also helps them produce singlet oxygen more effectively 
[20]. When using composite materials with chitosan nanostructures for photothermal 
therapy, theranostics is occasionally integrated with a diagnostic strategy [21]. A 
notable example is the study by Liao et al. on gold/magnetic core–shell hybrid 
nanoparticles for targeting and imaging-guided photothermal treatment [21].
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13.4.5 Theranostics 

The words “therapeutics” and “diagnostics” are the roots of the term “theranostics.” 
For cancer theranostics, composite materials incorporating chitosan nanostructures 
can be employed (Table 13.2). Several new nanocomposites have been reported for 
this purpose [21–25]. Table 13.2 compiles key reports on these issues.

Many intriguing applications of the chitosan nanostructures embedded composite 
materials for cancer therapy have been reported. The authors will provide a summary 
of a few significant reports here. 

13.4.5.1 Lung Cancer 

The cells that line the airways in the lungs are most frequently impacted by the 
malignant illness known as lung cancer. It is the main factor behind cancer related 
fatalities in both men and women. Small cell and non-small cell lung cancer are 
the two most common kinds. These two categories are handled and grown in quite 
different ways. One of the most prevalent malignancies in the world is this one. This 
form of cancer typically advances to an advanced stage and is highly lethal. 

It has been proposed that implanted composite materials with chitosan nanos-
tructures may have pharmacological uses for the treatment of lung cancer. Guo 
et al. [26] reported inhalable microspheres for 2-methoxyestradiol that had chitosan-
coated PLGA nanoparticles. Guo et al. [26] used soluble excipients as the matrix 
for the respirable MS with poly(d, l-lactide-co-glycolide) nanoparticles for 2-
methoxyestradiol. According to Guo et al. [26], microspheres matrix, respirable 
embedding poly(d,l-lactide-co-glycolide) nanoparticles have significant potential as 
an inhalation agent for targeted, extremely effective, and secure therapy of lung 
cancer. They also noticed that 2-methoxyestradiol markedly boosted cytotoxicity in 
experimental animals’ lungs without obviously causing inflammation. Even if there 
is still no proof of the successful use of composite materials with embedded chitosan 
nanostructures for cancer therapy, the in vitro examination confirms the viability. 
The study by Sachdev et al. [25] provides the finest illustration of the advantages of 
using composite materials containing chitosan nanostructures as theranostics. 

13.4.5.2 Brain Cancer 

A lethal tumor, brain cancer has a high fatality rate. Brain cancer treatment is still 
not effective. The new hope for brain cancer is anotherapy application. Implanted 
composite materials with chitosan nanostructures have been theorized to have phar-
macological effects on the therapy of brain cancer, just like they do for lung cancer. 
Kutlu et al. reported on an in vitro experiment. Double the effectiveness of brain 
tumor therapy with chitosan scaffold-PLGA nanoparticles [27].
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Table 13.2 Some reports on applied chitosan nanostructures embedded composite materials as 
theranostics 

Authors Details 

Liao et al. [21] The hybrid particles are composed of gold shells on chitosan 
(CTS) and magnetic nanoparticles implanted in poly (methyl 
methacrylate) (PMMA) cores (-Fe2O3 @PMMA/CTS@Au), 
according to a study by Liao et al. [21]. The
-Fe2O3@PMMA/CTS@Au particles, according to Liao et al.’s 
analysis can act as a multifunctional anti-tumor theranostic 
nanoplatform [21]. This new platform can be the model for 
magnetically targeted thermophototherapy [21] 

Fernández-Álvarez et al. [22] The development of stealth (maghemite/PLGA)/chitosan 
(core/shell)/shell nanocomposites with potential uses for 
combined MRI and hyperthermia against cancer was described 
by Fernández-lvarez et al. in their report [22]. In vivo magnetic 
resonance imaging investigations and ex vivo histological 
analyses of iron deposits, according to Fernández-lvarez et al., 
suggested the usefulness of chitosan to give the nanocomposites 
long-circulating capabilities, delaying nanoparticle detection by 
the mononuclear phagocyte system [22] 

Ghoshal et al. [23] Ghoshal e al. reported on targeting Wnt canonical signaling by 
recombinant sFRP1 bound luminescent Au-nanocluster 
embedded nanoparticles in cancer theranostics [23] 

Dutta e al. [24] Dutta et al. [24] described bimetallic silver nanoparticle-gold 
nanocluster embedded composite nanoparticles for cancer 
theranostics. According to Dutta et al. [24], by using chitosan as 
a template, the bimetallic system has been turned into composite 
nanoparticles that can be easily transported into malignant cells. 
According to the result reached by Dutta et al. [24], the synthetic 
composite nanoparticles benefit from the combinatorial 
properties of the metals present at two separate nanoscale levels, 
enabling both the killing and bioimaging of cancer cells 

Sachdev et al. [25] The easy development of a hydrogel formulation based on 
chitosan that contains highly fluorescent carbon dots and is 
loaded with the model anticancer medication 5-Fluorouracil was 
the focus of Sachdev et al. [25]. This study found that the 
developed particle treated cells’ induction of apoptosis was 
demonstrated by modifications in cell cycle patterns and the 
identification of distinctive apoptotic bodies using field emission 
scanning electron microscope [25]. Studies on specific apoptotic 
gene expression shed more light on the molecular process that 
causes apoptosis [25]. According to Sachdev et al. analysis, 
hydrogels’ ability to combine fluorescent carbon dots with 
chemotherapeutic drugs opens up new possibilities for their 
possible usage in cancer theranostics [25]
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In this study, poly-lactic-co-glycolic acid (50:50) nanoparticles containing the 
anticancer drug 5-fluorouracil were made using the emulsion-solvent evaporation 
method [27]. Then, during fabrication, the scaffold was infused with the antivas-
cularization medication bevacizumab and the nanoparticles by freeze-drying and 
embedding, respectively [27]. According to Kutlu et al. [27], the chitosan scaf-
fold containing 100 g of 5-fluorouracil and bevacizumab has the ability to prevent 
the growth of malignancies in in vitro conditions. In a different study, Shamsipour 
et al. successfully created core/shell chitosan-poly ethylene oxide–carbon quantum 
dots/carboxymethyl cellulose-polyvinyl alcohol nanofibers utilizing coaxial elec-
trospinning as a biodegradable polymeric implant for the local administration of 
temozolomide [28]. When temozolomide is combined with quantum dots embedded 
in chitosan, it is shown that the cytotoxicity of cancer cells is boosted [28]. 

13.4.5.3 Colon Cancer 

Colon cancer is another lethal cancer that has a high mortality rate. Treatment for 
colon cancer is still ineffective. The use of anotherapy is the new treatment option 
for brain cancer. Implanted composite materials with chitosan nanostructures may 
have pharmacological effects on the treatment of colon cancer, similar to what has 
happened with lung and brain malignancies. As shown in Table 13.3 [29–32], there 
are a number of intriguing findings on the use of composite materials with chitosan 
nanostructures for colon cancer therapy (Table 13.3).

13.4.5.4 Ovarian Cancer 

A serious malignancy in females is ovarian cancer. The aberrant abdominal mass is 
how this cancer typically manifests. Surgery is the mainstay of ovarian cancer treat-
ment, which is followed by chemotherapy. The fifth leading cause of cancer-related 
mortality and the ninth most prevalent cancer in women, ovarian cancer kills more 
people than any other malignancy of the female reproductive system. The use of 
composite materials with embedded chitosan nanostructures for the management of 
ovarian cancer is recorded in the literature, just like it is for the treatment of other 
cancers. For the treatment of ovarian cancer, Chandran et al. investigated the possible 
use of drug-loaded nanocomposite pectin scaffolds [33]. To extend the half-life of the 
drug and provide localized therapy for ovarian cancer, Chandran et al. proposed the 
use of a highly porous, biomimetic, and implantable pectin scaffold embedded with 
gemcitabine-loaded fibrin nanoconstructs [33]. The controlled and sustained release 
of the chemokine from the scaffold structure was thoroughly examined in vitro under 
various pH conditions in this study [33]. When examined with mammalian cell lines, 
Chandran et al. discovered that the composite scaffolds were highly biocompatible
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Table 13.3 Reports on using composite materials with incorporated chitosan nanostructures 
applied in colon cancer therapy 

Authors Details 

Ullah et al. [29] The delivery of calcium alginate beads with specified targeting for 
colon cancer was described by Ullah et al. in their paper on 
folate-modified chitosan 5-flourouraci nanoparticles [29] 

Vijayakumar et al. [30] Marine originated polysaccharide laminarin embedded zinc oxide 
(ZnO) nanoparticles and their based chitosan-capped ZnO 
nanocomposites were the subject of a report by Vijayakumar et al. 
[30]. The green synthesis of chitosan-capped ZnO nanocomposites 
and laminarin-embedded ZnO nanoparticles is discussed in the current 
work [30]. Additionally, the assessment of their in vivo (Zebrafish 
embryo) toxicity, phytotoxicity, and in vitro cytotoxicity was 
described [30] 

Hosseinzadeh et al. [31] Chitosan-pluronic nanoparticles were used to deliver the anticancer 
drug gemcitabine orally, according to Hosseinzadeh et al. [31]. Based 
on an in vitro examination of a colon cancer cell line, a cytotoxicity 
assay of gemcitabine-loaded nanoparticles revealed an increase in the 
cytotoxicity of the drug if it was compared to the naïve drug alone [31] 

Cao et al. [32] With the aid of oral nanomotor-enabled mucus traversal and tumor 
penetration, Cao et al. reported on targeted 
sono-immuno-chemotherapy for colon cancer [32]. This study 
employed silk fibroin and chondroitin sulfate to construct mesoporous 
manganese oxide-based nanomotors that systematically 
dual-functionalize their surfaces and allow passing of mitochondrial 
sonosensitizers into the physical mesopores [32]

[33]. According to Chandran et al., implanted “therapeutic wafers” made of nanocom-
posite Pectin scaffolds loaded with a particular chemokine can be utilized to divert 
metastatic cancer cells and increase the survival rate of ovarian cancer patients [33]. 

13.4.5.5 Breast Cancer 

Breast cancer is a dangerous female malignancy. This malignancy often presents as 
an abnormal breast lump. Chemotherapy is the second line of defense in the fight 
against breast cancer after surgery. Just like it is for the treatment of other malignan-
cies, the use of composite materials with embedded chitosan nanostructures for the 
management of breast cancer is documented in the literature. Tamoxifen, a common 
breast cancer treatment drug, was added to MCF-7 and Vero cultures in a study 
by Rossi et al., and its antiproliferative effects were assessed both alone and when 
embedded in sodium alginate microparticles made with sodium alginate from Kelco 
and from Fluka [16]. According to the alginate used, Rossi et al. determined that 
microparticle formulation may improve selective toxicity: variations in the chemical 
composition of the alginate can significantly alter both drug activity and toxicity 
[16].
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13.4.5.6 Gastric Cancer 

A significant gastrointestinal malignancy is gastric cancer. When this cancer is 
initially diagnosed, it is typically advanced. The use of composite materials with 
embedded chitosan nanostructures for the management of stomach cancer is recorded 
in the literature, just like it is for the treatment of other malignancies. The fabrica-
tion process used in the study by Wang et al. to create magnetic cores involved the 
coprecipitation of Fe2+ and Fe3+. The magnetic nanoparticles were then covered in 
layers of chitosan. Next, using sodium citrate as a natural reducing agent, magnetite-
gold composite nanoparticles with spherical forms and diameters between 20 and 
30 nm were created [34]. Fe3O4@CS/AuNPs showed the best cytotoxicity effects 
when applied to the HCT 116 cell line, according to Wang et al. According to Wang 
et al., the current nanoparticles may one day be employed to treat various gastro-
duodenal tumors, particularly gastric cancer [34]. Chang et al. reported on a novel 
exceptionally sensitive fluorescence sensor for the magnetic separation-based detec-
tion of microRNA that is based on composite nanoparticles of lucigenin, chitosan, 
and silicon [35]. A good linear relationship between the fluorescence intensity sensi-
tizing value and the target miRNA concentrations was achieved when the difference 
in fluorescence intensity increased along with the target DNA/miRNA concentration 
[35]. In order to directly detect let-7a in human gastric cancer cell samples without 
the use of an enzyme, a label, or any other immobilization, Chang et al. came to 
the conclusion that a new fluorescence analysis method had been developed using 
lucigenin/chitosan/SiO2 composite nanoparticles as a DNA hybrid indicator [35]. 

Another study by Rizwan et al. reported the creation of a new organosoluble 
and pro-angiogenic chitosan derivative through the reaction of chitosan with triethy-
lorthoformate and 1,3-dimethylbarbituric acid [36]. In a study by Rizwan et al., it 
was discovered that the novel derivative had no adverse effects on gastric cancer cells 
when tested for cytotoxicity and apoptosis [36]. 

13.4.5.7 Liver Cancer 

Another common cancer is liver cancer. Alcoholism and chronic viral hepatitis are 
linked to it. The fight against liver cancer is still ineffective. The hope is that a novel 
anticancer medicine will be developed for the treatment of liver cancer. Similar 
to how it is used to treat other cancers, the use of composite materials containing 
embedded chitosan nanostructures for the management of liver cancer is documented 
in the literature. The core–shell type Fe3O4 nanoparticle (Ag/CS-Agar@Fe3O4) was  
described by Cai et al. in a unique Ag NPs-fabricated chitosan-agarose composite 
[37]. Ag/CS-Agar@Fe3O4 nanocomposite was shown by Cai et al. to be an effec-
tive chemotherapeutic agent against the lung and hepatocellular cancer cells [37]. 
A targeted drug delivery system was developed by functionalizing graphene oxide 
(GO) with carboxymethyl chitosan (CMC), fluorescein isothiocyanate, and lacto-
bionic acid (LA) in a different study by Pan et al. [38]. According to Pan et al.,
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the composite containing LA demonstrated the ability to specifically promote cell 
death in malignant cells, but the LA-free homologue was inactive in this situation 
[38]. According to Pan et al. analysis, the modified GO materials provide excellent 
prospects for use in drug new delivery systems to target malignancy [38].  In a different  
study by Huang et al., the positively charged HTCC-OREC nanocomposites and the 
negatively charged sodium alginate were immobilized on cellulose nanofibrous mats 
using the layer-by-layer (LBL) technique [39]. The intercalated nanocomposites 
were made using organic rectorite and N-(2-hydroxyl) propyl-3-trimethyl ammo-
nium chitosan chloride, respectively [39]. According to Huang et al.’s research, the 
produced nanofibrous mats significantly inhibited the growth of human hepatoma 
cells [39]. Based on the numerous clinical examples provided, it is possible to infer 
that composite materials with embedded chitosan nanostructures might be suitable 
for the treatment of liver cancer. 

13.4.5.8 Leukemia 

Instead of a solid tumor, leukemia is a cancer of the white blood cell. The primary 
therapeutic approach for treating leukemia is chemotherapy. The use of composite 
materials with embedded chitosan nanostructures for the management of liver cancer 
is recorded in the literature, much like how it is used to treat other malignancies. 
ZnO-TiO2-chitosan-farnesol nanocomposites (NCs) were studied for their syner-
gistic antitumor potential against leukemia MOLT-4 cells by Elderdery et al. [40]. 
According to Elderdery et al., this is a novel method for enhancing the properties 
of ZnO-TiO2-chitosan-farnesol composites and synergistically exhibiting anticancer 
activities in human leukemic cancer cells [40]. 

13.5 Conclusion 

Chitosan is derived from chitin, a naturally occurring polymer present in several 
kinds of animal shells, including those of shrimp, crabs, and squid. Its amino groups 
are soluble in weak organic acids. Both chemical compounds having physiolog-
ical activity and metal ions can be successfully bound by it. Due to their distinctive 
biological properties, Chitosan and its derivative biomaterials have recently attracted 
a lot of interest in the biomedical field. Some of chitosan’s most crucial properties 
in the biomedical sector include its non-toxicity, biodegradability, biocompatibility, 
immunostimulating, anticancer, antibacterial, and antimicrobial activity. Encapsu-
lating and delivering different chemicals enhances their water solubility, stability, 
permeability into cells, and capacity to control the release of these molecules, partic-
ularly in medical and pharmaceutical applications. It aids in the better treatment 
and prevention of numerous diseases. It can also be used in textile, food, agricul-
tural, cosmetic, and other industries. An in-depth study is currently being carried
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on the newest types of nanomaterials, such as the chitosan nanostructures found 
in composite materials. Chitosan is often combined with other active chemicals, 
including medicines, metals, and natural compounds, in nanosystems to increase its 
potential for application, even if employing chitosan alone might not be sufficient 
to generate an acceptable antibacterial effect to fulfill a range of purposes. These 
particular nanoparticles are the subject of current research and development. The 
authors have tried to include details about one particular use of composite mate-
rials with integrated chitosan nanostructures in clinical cancer. The development of 
numerous new chitosan-based nanomaterials has shown promise in the treatment of 
various malignancies. Future effective cancer treatments may be made possible by the 
implanted composite materials utilized in cancer therapy that incorporate chitosan 
nanostructures. 
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Chapter 14 
Chitosan-Based Nano Biomaterials 
and Their Applications in Dentistry 

Biswajit Parhi, Debasrita Bharatiya, Shuvendu S. Purohit, 
and Sarat Kumar Swain 

Abstract Herein, a detailed study of the development of chitosan (CS) based nano-
biomaterials (NBMs) and their applications in focusing on dentistry purposes have 
been discussed elaborately. CS-based NBMs are multipurpose components with 
assured catalytic, physicochemical, biological and smart properties. These nano-
materials (NMs) have captivated their value, especially in the biomedical domain 
including bone tissue engineering, wound healing, biosensors, and gene delivery. 
The measurement of their physicochemical properties at nanoscale has been done by 
extensive methods such as XRD, FTIR, ZETA, FESEM, and TEM. The stimuli-
responsive activity, multifunctional behaviour, morphological variance, oxygen-
abundant, stable, easy synthetic methods, cost-effectiveness, spatial and temporal 
control, and flexible functionalization of CS offer such NBMs extensive applica-
bilities. The other precursors especially metal oxide and amino acid-based poly-
mers when combined with CS NBMs develop other properties such as limited toxi-
city level, high mechanical strength, low breakdown strength, and high stability and 
durable properties which supports such materials to be used in the field of dentistry, 
such as to prevent dental caries, carcinogenic effect in teeth, and reduction of tooth 
decay, root infection and gum diseases. Further, the extensive application of such 
materials has been witnessed in different fields with appropriate case studies. 

14.1 Introduction 

The service of nanotechnology is touching every aspect of the current world due to 
its surface and quantum size effect [1]. The extremely small sizes of NMs and NBMs 
cause the positioning of a high percentage of surface atoms to yield better properties 
and reactivity to bulk materials [2]. The benefits of these materials are significantly 
seen in its usage in medical equipment, energy, storage devices, drug development,
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information technology, and sensors [3]. The primary dominance of such materials is 
governed by the presence of graphene oxide (GO), carbon nanotubes (CNT), metal, 
metal oxides (MOs), hydroxides nanoparticles ((OH)NPs), quantum dots, inorganic 
and small organic molecules, polymers, biopolymers including CS. The condensa-
tion, sonication, chemical precipitation, pyrolysis, ion implantation, hydrothermal 
method, and sol-gel methods are mainly responsible for the development of NBMs 
[4]. The size dependency effect modified the chemical, optical, mechanical, elec-
trical and other physical-chemical properties to show better performance of NBMs 
compared to previously reported bulk materials [5, 6]. The superior cytocompatibility 
property exhibited by NMs is one of the important reason behind their successful in 
pharmacological activity [7]. 

The nonviable materials targeting their interaction with biological medium to 
evaluate, treat, and replace any tissue, organ or function of the body are called bioma-
terials. These are very promising to the living world and are evolving in nature. The 
requirement and uses of such materials are permanent and highly recommended. 
There are many biomaterials which are not clinically approved and the detailed 
research on their properties is going on. Biomaterials such as wood, and bacterial 
biofilms are living cells with the ability to be procured from different sources with 
modification in the original structure, composition and performance at several envi-
ronmental factors such as pH, mechanical stress, salinity, and temperature. Natural 
synthesized materials such as wood, silk, bone, and cellulose have participated in the 
development of such biomaterials as they possess biological properties. Contrary to 
natural synthesized material, synthetic materials are also available as biomaterials 
such as bacteria, fungi, algae and animal cells incorporated into polymer or hydro-
gels, which are otherwise called engineered living material [8]. The close correlation 
between biomaterials and their biological responses is evident from cell adhesion, cell 
shape, proliferation, elongation, spreading, direction, migration, surface modification 
and stiffness [9]. Biomaterials inferred with metallic NPs and inorganic biomaterials 
are utilized in biomedical devices due to their corrosion-resistant, durable, biocom-
patible and multifunctional properties [10]. Controlled drug delivery, immunolog-
ical responses, cell modulation, RNA delivery, gene modifications, and regenerative 
medicines are the main target study of current researchers using biomaterials for the 
advancement of biological study [11, 12]. 

In the literature, the involvement of many NBMs such as metal-based, piezo-
electric metals/polymers, and small organic molecule based have been established 
with their efficacy in biomedical applications including dentistry purposes. Ultra-
small size, high surface area of nano-sized materials is the main reason behind 
their high efficacy towards several biomedical applications. Superparamagnetic 
iron oxide (Fe3O4), Ag, Au NPs have shown intrinsic cytotoxicity, great thera-
peutic and diagnostic properties, proving themselves as a promising candidate as 
NBMs [13]. Inorganic-originated piezoelectric materials such as ZnO, boron nitride 
(BN), hydroxyapatite (HA), lithium niobate (LN), lithium sodium potassium niobate 
(LNKN), lead zirconate titanate (PZT) and organically modified piezopolymers such 
as poly(l-lactic acid) (PLLA), poly(vinylidene fluoride) (PVDF) possess multifunc-
tionality, high piezoelectric coefficient and improved mechanical properties, which
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enables these NBMs for pharmaceutical, stem cell, biomedicine, tissue regenera-
tion research and developments [14–16]. The charge capacity, permeability control, 
fouling resistance and microbial resistance of metal NPs are the important factors 
to act against microbial growth [17]. Crosslinking is another fascinating prop-
erty observed by nano biopolymers with a convenient path to study the mechan-
ical response and their use in implants [18]. The advancement of NMs based on 
the compositions also played an important role in regulating complex biological 
responses in different environmental conditions focusing few parameters such as 
tailored surface solubility, and high volume/surface ratio [19, 20]. NBMs are popular 
in current days for dental purposes owing to their wear-resistant, increased hardness, 
enhanced polished resin, inhibited shrinkage and stain and superior flexural strength. 

There are several NBMs available in the literature discussing their biological 
responses to different stimuli conditions. Among them, polymer-based NBMs are 
one of the most promising candidates for biomedical applications including dentistry. 
Meanwhile, cost-effective, solid polysaccharide CS is a type of polymer which shows 
great efficacy in the biomedical and pharmaceutical industry with its bio-renewable, 
stable, biocompatibility, multifunctional, low toxic environment, controlled drug 
release kinetics, self-assembled and micellar association behaviour [5]. This is one 
of the most bountiful precursors extracted from different sources such as crabs, 
shrimps, prawns, and shellfish. The solubility of CS occurs in water and other organic 
solvents depending on the functional groups present. The acidic condition promotes 
the dissolution of CS in water following the amino protonation causing a gelation 
medium. The presence of active and reactive -NH2 groups it made convenient way for 
pharmaceutical use by promoting side group attachment. The physical and chemical 
modification processes such as blending, radiation, grafting, photochemical, chem-
ical etc. also enhanced the structural, chemical, mechanical and biological strengths 
of CS-modified materials [21]. The versatility of CS deals with the antimicrobial 
effect involving the ion-surface interaction following cell-wall breakage, entry of CS 
NPs to inside microorganism nuclei, inhibiting protein and mRNA synthesis via the 
penetration of CS into the nuclei of the microorganisms and stopping the entry of 
essential nutrients to microbial growth. The versatility developed mainly due to the 
presence of the acetyl group in it and the molecular weight (MW) of the CS. The low 
degree of acetylation (DA) and MW helps in the reduction of microorganism growth 
and multiplication [22]. Being a basic polysaccharide, this can attribute to the forma-
tion of chelates, biofilms and polyoxysalts improving its ability for stable interaction 
with metal-metal oxide NPs, and other natural polymers. Even the structural modi-
fication of CS and its derivatives played an important role in biological activity with 
the presence of -OH, -NH2, quaternary ammoniumyl, carboxyalkyl, hydroxyalkyl, 
thiol and hydrophobic groups, such as long alkyl chains, and substituted aromatic 
rings. Being a hydrophobic polymer, the solubility of CS and its derivatives are 
limited to water solutions. To avoid such instances, the requirement of surface modi-
fication came into the picture [23]. CS and its derivatives have shown tremendous 
use in medical aids, wound healing, textile, membranes, metal ion collection, molec-
ular sieves, catalysts and photography [24]. To promote sustainable agriculture and 
the protection of plants from microorganism attacks, the CS-based material played
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a vital role in the defence mechanism caused by the functional groups [25]. Even 
the mucoadhesive properties of such materials also enhance the gene delivery, drug 
loading and releasing mechanism in the solution medium and other pharmacological 
tasks [26]. The advanced properties of CS and its derivates give a clear impression 
of its usage in different areas of the biomedical field. The extraordinary and unique 
properties such as viscosity, solubility in various media, mucoadhesive, polyoxysalt 
production, and film formation of CS also motivated us to discuss its related materials 
for application in dentistry. 

There has been a lot of work going on with the development of inorganic@CS, 
small organic molecule@CS, bioplolymer@CS, and inorganic polymer@CS-based 
nanocomposites in the last decade. These works have given a clear direction regarding 
the application of such NBMs in different biomedical applications. Inorganic metal 
oxides such as ZnO, CuO, Fe2O3, Ag2O, and MnO2 have been used in broader paths 
due to their stability, inertness, and high durability [27]. Even the MOs in the nano 
range develops superior property as compared to the bulk materials. The primary 
properties such as biocompatibility, stability, solubility, biodegradability, and dura-
bility are the fascinating key points of CS-based NBMs which made the scientists 
explore their application in various areas. The inorganic/MO@CS NBMs are quite 
impressive due to their interesting inherited properties such as morphology, nano 
size, and composition [28]. The introduction of the organic molecule to inorganic 
nanostructure has tremendously affected the well-defined structure and muti-defined 
functions. The soft organic filler inhibits the aggregation properties and allows the 
creation of interesting morphologies, which allows the nanocomposite to show better 
properties [29]. The DNA-templated polymer/inorganic nanocomposite has actively 
participated in biomedical applications [30]. The convenient way of the utilization 
of such nanocomposites has influenced its superior behaviour when conferred with 
CS due to the smart functional attitude. The high surface area, more porosity, better 
mechanical and tensile strength and multifunctional properties have increased the use 
of such nano-biomaterials. Bandara et al. have reported on many factors responsible 
for CS’s biomedical and therapeutic response [20, 31]. These materials have shown 
great efficacy in agricultural and biomedical fields by managing abiotic stress in 
plants, inhibiting pathogens, and water availability for crops. The team also discussed 
the influence of morphological-biased NBMs against cancer cell lines. They observed 
that morphological variable CS@Graphite, CS@Ag nanotriangles, and CS@Au 
nanorods NBMs have shown activity against CNE human nasopharyngeal, NCI-
H460 human non-small lung cancer cells, MDA-MB-231 human breast cancer cells 
respectively. Even CS-based NMs seem to be used for drug delivery therapy influ-
enced by features such as allowing the formation of new reaction sites, biocompat-
ibility, good absorption of drugs at specific positions and protecting unstable drugs 
against strong acids like hydrochloric acid and blood flow in living cell line [32, 33]. 
It is well understood from previous reports that the organic molecule and biobased 
polymers seem to represent excellent biological responses to different conditions 
like CS-based materials [34–37]. 

Perfect oral health is a necessity for each human being for the maintenance of 
a healthy life. The lack of oral hygiene, unhealthy diet, polluted water caused by
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Fig. 14.1 Illustrates several diseases caused by dental infection

industries, and excess fluorides in water are the important causes of dental prob-
lems. Common dental problems are root infections, tooth decay, gum diseases, bad 
breath, sensitive teeth, cracked bone, receding gums, teeth grinding and dry mouth. 
Figure 14.1 depicts several problems caused by infected teeth. Root infection, tooth 
decay cavity and gum diseases are mainly caused by bacteria growth in the form of 
a film on the teeth surface. The acid production from food sugar is caused by them 
and damages the enamel or tooth’s outer surface, this is the most common dental 
problem that dentists see in patients. Sensitive teeth can be caused by gum infec-
tion, enamel corrosion, cracked bone, and crown loss. Cracked bone is occurred by 
injury after accidents, hard-food chewing, or teeth grinding during sleep. Receding 
gums, mainly found in women due to hormonal imbalance, and it depends on other 
factors such as smoking, high blood pressure, and poor oral hygiene. A dry mouth is 
generally observed in old people due to less intake of the required amount of water 
which is also caused by nerve damage, salivary gland disease, medication intake, 
and cancer treatments. The current nanotechnology made an easier path to solve
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these issues. The path of resolving dental problems via the use of nanotechnology 
is called ‘Nanodentistry’ [38]. These therapeutic and diagnostic tools are benefici-
ated by the addition of biopolymer, natural polymer, small organic molecule, and 
inorganic metal. Enamel, dentin pulp, cementum, and periodontal ligament are the 
major parts of the tooth. The devices designed using CS-based NBMs pose as effec-
tive solution to many dentistry problems. As the implants are in contact with both 
hard and soft tissues, surface chemistry plays an important role to solve the issue. 
CS-based NBMs are rich in surface functionalization which plays an extraordinary 
role to resolve such issues by the virtue of antimicrobial, mucoadhesive and bioactive 
properties of CS particles [39–41].

The size related toxicity is the primary challenge faced by the CS-based NBMs. 
But this can be resolved by surface and size modification which may prevent accu-
mulation of nanoparticles in the GI tract and intestine. Another important challenge 
is tooth decay and bad odour. In order to overcome this, oral drug delivery is the 
most convenient way. But the oral drug uptake is much unstable and gets accumu-
lated in the various body parts and very less permeable. But CS-based NBMs help to 
open the intercellular tight junctions of epithelium and has excellent mucoadhesive 
property, allowing the unwanted drug molecule to pass through excreta. The CS/poly-
lactide-coglycolide acid (CS/PLGA) NPs showed better properties as compared to 
PLGA NPs within the range of 25.0–100.0 μg/ml [42]. CS/biopolymer-based NBMs 
challenged many drawbacks in dentistry by improving the release kinetics of drugs 
in cell lines, and increasing drug uptake making these materials more available for 
treating oral defects. 

To overcome a few challenges in CS-based nanomaterial, scientific progress 
takes a diversion towards the development of CS-based NBMs to fulfil the need 
of dentistry in an economical and easy pathway. The major components of such 
NBMs are CS/polymer, CS/metal, CS/metal oxides, CS/small organic molecule, 
CS/inorganic adducts and CS/ceramics-glass. The CS/Polymer mostly constituted of 
biopolymer, amino acid-based polymers and organic-inorganic polymers. CS/metal-
based NMs are CS/Cu, CS/Zn CS/Au NPs etc. show effective oral drug delivery 
kinetics. CS/metal oxide involves ZnO and Ag2O for inhibition of microbial growth 
in the mouth which lightens oral decay. CS/small organic molecule resembles the 
structure of CS/quarternary ammonium polyethyleneimine (QAS-PEI) incorporated 
in restorative material. This induces the formation of covalent bonds between the 
polymer and the resins of antibacterial agent. CS/inorganic-based NMs are the 
most promising category of NBMs. The inertness, durability, stability, low toxi-
city, and possession of essential dental nutrients attracted many scientists to use 
it for dentistry applications. Sharan et al. have discussed CS/ceramics-glass and 
CS/inorganic adducts for application in oral and maxillofacial surgery and restora-
tive dentistry predicting hard tissue generation [43]. CS/heparin showed a significant 
oral drug delivery capacity for dental infection [44]. The hydrogel of CS/nano ZnO 
composite inhibits bacterial growth by promoting blood clotting also has applica-
tions in dental surgery [45]. Murali et al. have discussed the integration of (±)-2-
aminopimelic acid, 5-aminovaleric acid amino acid and DL-2-aminocaprylic acid
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into CS/polyglycolic acid scaffold, which showed enhanced osteoblast biocom-
patibility indicating its use in dentistry [46]. A detailed study on types of CS-
based NBMs has been discussed in Sect. 14.3. The CS/CaPO4, CS/CaI2, CS/HA, 
CS/floruohydroxy apeteite are dominant in the dentistry field. 

The multifunctional properties, mechanically strengthened attitude, high 
longevity, good sensitivity, low toxicity and inertness are the important factors 
possessed by CS-based NBMs which play a big role in dentistry applications. Thus, 
the present work discusses the development of versatile chitosan-based NBMs, 
how to overcome these challenges and their efficacy in various dentistry issues. 
The current progress in the prevention of oral diseases, diagnostic, and therapeutic 
methods that could hold significant results in dentistry is the main focus of this 
work. Even the detailed problem with preventive measures for several oral health 
issues is discussed and resolved by different CS-based NBMs. We tried to under-
stand the requirement of these materials for each problem of dentistry with many 
view angles depending on chemical interaction, adhesive property, stability, toxicity 
range, durability, cost-effectiveness and inert behaviour. 

14.2 Characterization 

To determine the physicochemical behaviour of CS-based NBMs for application 
in various fields, extensive techniques such as XRD, FTIR, HRTEM, TGA, UV, 
and mechanical actions are studied at different scientific platforms. Scientific exper-
iments are required to analyse the versatility of CS-based NBMs and their importance 
towards dentistry. 

X-ray diffraction (XRD) is a non-destructive technique to analyse the crystallinity 
of CS-based NBMs and to check d-spacing and planes involved during the experi-
ment. It is reported that CS NPs shows amorphous property due to the dense network 
formation inside the polymer whereas the insertion of metal NPs in it increases its 
crystallinity by breaking the network [47]. Choudhary et al. have designed CS/Cu 
NBMs and studied its diffraction pattern at 2θ = 10°–60° with a Cu Kα = 1.5418 Å. 
The CS NPs are amorphous in nature which is caused by the polymeric substitution 
among themselves. But the CS/Cu nanomaterial shows prominent peak at (2θ = 
19.5 and 21.0) confirming the attachment of Cu to the functional groups of CS NPs 
invading microbe growth [48]. 

Fourier Transform Infrared (FTIR) is the most fundamental technique to know the 
chemical composition and interaction available in the designed material. CS-based 
NBMs are multifunctional and studies need to know the chemical interactions occur-
ring in the material and how those interactions are responsible for the development 
of dental implants and oral drugs. The network-like porous CS NPs show prominent 
peaks at 3422 cm-1, 3310 cm−1, 2923.56 cm-1 and 2859.92 cm−1 corresponding to 
–O-H, –NH2, CH3 and CH2 in both chitin and chitosan. Other peaks identified at 
2221 cm-1, 1650 cm-1 and 1040 cm−1 are attributed to the presence of the C–N group 
of C–NH2 and the stretching band of glycosidic linkage of C–O [47]. Anitha et al.



332 B. Parhi et al.

have reported CS/poly acrylonitrile (CS/PAN) showing the successful incorporation 
of polymer into CS NPs with the presence of C = N at 2220 cm−1 [49]. The team also 
suggested the roughness, good porosity and high surface area of CS/PAN polymer 
which helps in the enhancement of the adsorption of metal NPs and biocompatibility. 

High-resolution transmission electron microscopy (HRTEM) and field emission 
scanning electron microscopy (FESEM) are important morphological analytical tools 
to know the detailed structure of CS-based nanomaterials. The surface morphology 
gives a clear idea about the surface porosity, texture and roughness of the materials 
for designing of effective dental implants, oral drugs and other dentistry aids. The 
small size and interesting shapes of CS-based NBMs can attain specific biomedical 
targets such as suitable drug carrier medium, target and controlled release medium. 
The CS NPs are non-uniform and spherical nanomaterials with diameters ranging 
from 20 to 100 nm [50]. But the incorporation of any other material into it leads 
to the formation of different morphology. This modified morphology and fabrication 
of CS-based NBMs are also responsible for different biomedical response [51, 52]. 
Iswanti et al. have discussed uniform spherical type CS/cytosine-phosphate guanine 
oligodeoxynucleotides (CS/CpG ODNs) which is confirmed by TEM analysis. These 
NBMs seem to show compatibility with murine macrophage cells and induce the 
secretion of inflammatory cytokine IL-6 and Th-1 type cytokine IFN-c in human 
PBMCs [53]. 

Zeta potential technique provides a clear interpretation of the surface potential and 
electrokinetic potential of the designed CS NBMs. It is essential to know the stability 
of CS-based NBMs at the colloidal stage. Iswanti et al. have also discussed the zeta 
potential of CS/CpG ODNs −11.3 ± 1.5 mV which is more compared to bare CS 
NPs of 3.3± 0.4 mV. The increment of zeta potential is due to the interaction between 
negatively charged CpG ODNs with positively charged CS NPs. The electrokinetic 
potential measurement of CS-based NBMs seems to possess good stability which 
can be beneficial for several biomedical purposes including dentistry. 

14.3 Application of Different Types of CS-Based Nano 
Biomaterials for Dentistry 

To fulfil the aim of this discussion, various CS-based NBMs and their impact on 
different areas of dentistry have been discussed. Figure 14.2 represents the classifica-
tion of CS-based NBMs and their implications on the treatment of dental issues. The 
formation of different types of CS-based NMs involves the attachment of polymer, 
metal, metal oxide, organic molecules, inorganic adducts, ceramics-glass and mixed 
materials. These different CS-based NBMs have been incredibly used for tissue engi-
neering, drug delivery, and targeting wound healing purposes depending on their 
adhesiveness, stability, rich abundance, nontoxicity and biodegradable properties.
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Fig. 14.2 Different types of chitosan-based nano-biomaterials based on composition 

14.3.1 Chitosan/Polymer Nano Biomaterials 

There are two types of polymers associated with the development of CS-based 
NBMs i.e., natural and synthetic polymers. Natural polymers such as collagens, and 
curcumin and synthetic polymers such as polyvinyl alcohol (PVA), polycaprolactone 
(PCL), polyethene oxide (PEO), PLA (poly lactic acid), and sodium alginate (SA) 
are the main candidates for formation of CS/polymer NBMs. The smart, stimuli-
responsive, multifunctional, network, low toxicity, cost-effectiveness, and covalent 
and hydrogen bonding interaction, have promoted the importance of chitosan over 
other biopolymers derived from amino acids. The biocompatibility, repairability and 
aesthetic processability made these polymers more beneficial for the development of 
CS-based nanomaterial. These polymers are also limited by low fracture resistance, 
low ductility, and poor strength making it a little difficult for these polymers to be used 
in a dental implant. But the incorporation of CS NPs into such polymers improves 
its suitability in oral drug delivery and microbial cleansing activity. Bakopoulou 
et al. have developed biomimetic chitosan/gelatin (CS/Gel) scaffolds for tissue engi-
neering of several tissues. It is also reported that the combination of CS/Gel scaffolds
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with dental pulp stem cells (DPSCs) improves the targeted alveolar/orofacial bone 
reconstruction [54]. An interesting nanofibrous electrospun nanocomposite made up 
of biomaterials such as CS, polyvinylalcohol and curcumin (Cur) with high porosity, 
hydrophilic distribution causing safe degradation in human pH, encapsulation effi-
ciency, multi-drug delivery and controlled release kinetics has shown fascinating 
results in drug delivery. This nanocomposite also has excellent adsorption capacity 
for proteins on its surface. CS/PVA/glutaraldehyde (GTA) acts as a successful scaf-
fold with an improved porosity and mechanical strength. It is reported that bare GTA 
has cytotoxicity, but after nanocomposite formation, the material shows remark-
able properties such as non-toxicity andanti-corrosion effect [55]. Zhu et al. have 
reported another interesting electrospun fibre CS/PCL NBMs and studied its in vitro 
osteogenic activity. The study suggests that the addition of GTA to the metformin-
loaded CS/PCL has improved the osteoinductive effect [56]. Successful periodontal 
treatment is observed and the efficacy is contributed by the generation of thermos-
responsive CS/gelatin/β-glycerolphosphate [57]. An injectable periodontal treatment 
is preferred over conventional drug delivery. 

Xu et al. have developed thermos-responsive hydrogel CS/gelatin/β-
glycerolphosphate to treat inflammatory periodontitis. The fabricated hydrogel 
has exhibited controlled and faster release of aspirin and good regeneration func-
tion of erythropoietin (EPO) drugs. Both these drugs showed a remarkable releasing 
profile with no toxicity in both in vivo and in vitro for 3 weeks [58]. CS-based collagen 
[59] and metronidazole benzoate (MET) [60] are the main components which are 
used for dental reconstruction. These materials are also implemented to treat peri-
odontal diseases in patients because of their mucoadhesive properties, effective drug 
delivery mechanism and low toxicity. 

The effect of other factors such as concentration, volume, and MW play an 
important role in treating dental infections. Kilicarslan et al. have prepared and 
discussed clindamycin phosphate-loaded CS/alginate polyelectrolyte complex film. 
This targeted drug clindamycin phosphate is a suitable agent to treat periodontal 
infections depends on its mucoadhesiveness. The study elaborated the importance 
of drug-loaded percentage, swelling, morphology, the texture of designed material, 
focusing on the concentration, MW and the volume of the polymer. It is observed 
that good release kinetics depend on the high concentration and volume of algi-
nate and low MW of CS particles [61]. The treatment of gingivitis requires targeted 
application by drug concentration raising, improved pharmacodynamic effects and 
prevention of side effects contradicting the conventional drug formulation [62]. To 
resolve these issues, Perugini et al. have designed a novel periodontal packet made up 
of ipriflavone loaded poly (d,l-lactide-co-glycolide) (PLGA)/CS nanocomposite for 
release of ipriflavone dosage into the periodontal pocket [63]. The development of 
microsphere and porosity have induced dentin formation in TGF-β1 loaded CS NPs 
and became suitable for dog models for the treatment of odontoblast cells [64]. The 
formulated microsphere having average size of 74–461 nm is used for encapsulation 
ofCS/calcium alginate (CS-Ca-SA) to enhance the particle entrapment efficiency and 
drug release [65].
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The insertion of NPs in CS/polymer NBM inspired the desired material to resolve 
many dental issues. The CS/PLGA/Ag NPs have been extensively used for the devel-
opment of materials for periodontal tissue engineering which allows the regeneration 
of new tissues in the teeth area. This material also helped in decrease in the recur-
rence of periodontal diseases. The biocompatibility, inertness, antibacterial property, 
non-reactiveness of metal NPs incited their proliferation and mineralization of peri-
odontal membranes [66]. Saboktakin et al. have designed MET NPs incorporated 
in thiolated chitosan (TCS)/poly (methacrylic acid) (PMAA). This material ensures 
the sustained and target drug release at absorption sites [67]. Extensive work was 
performed by Li et al. with the development of PLGA/CS with a minimum inhibitory 
concentration (MIC) of 0.0156 mg/ml to treat peri-implantitis and other oral diseases 
related to implants [68]. The fabricated CS-based NBM has been used as tissue 
engineering scaffolds, dental implant purposes for the alveolar bone to periodontal 
complex healing. It also shows long pulp-friendly restorative properties, pulp regener-
ation, high surface area for drug reactivity antibacterial activities, and controlled drug 
release path [69]. To break the current tooth carcinoma trend, Farias et al. designed a 
smart, safe, natural mouthwash based on CS/peppermint (Mentha Piperita) essential 
oil (PEO). The designed NBM was studied against biosurfactants produced by Pseu-
domonas aeruginosa UCP 0992 (PB), Bacillus cereus UCP 1615 (BB) and Candida 
bombicola URM 3718 (CB) in carcinoma cell lines mouse fibroblast L929 and mouse 
macrophage RAW264.7. The toxicity effect of the designed mouthwash showed 
comparatively lower value than the commercially available mouthwash in the market 
[70]. The loading of protein drugs such as bone morphogenetic protein-7 (BMP-7), 
and ornidazole (ORN) have shown great efficacy in the treatment of gingivitis, dental 
caries and periodontal diseases [71]. The biodegradable, natural, safe, cost-effective, 
controlled drug release kinetics, biocompatible, less toxic, mucoadhesive proper-
ties of CS/polymer nano biomaterial instigated their importance for prolonged drug 
release and the formation of periodontal pockets to manage the infectious disease 
such as dental caries, gingivitis, oral infections. 

14.3.2 Chitosan/Metal Nano Biomaterials 

Metals NPs are in high demand for dental implantation accessories due to their 
improved mechanical action, structural reformative, small size, high surface area, 
anti-corrosive attitude, high specific strength, elastic modulus and biocompatibility. 
These nano-sized particles have shown great efficacy for antimicrobial, and anti-
inflammatory properties by enhancing their reactiveness in intracellular processes. 
The preparation of dental implants is mostly dominated by metallic alloys such 
as titanium (Ti), cobalt-chromium (Co-Cr), cobalt-chromium-molybdenum (Co-Cr-
Mo), cobalt-chromium-tungsten (Co-Cr-W), stainless steel and gold (Au). Though 
this category is bountiful for utilization in designing of dental implants but the 
implementation in real life application is limited due to allergies, and skin-mucous 
membrane inflammation. To overcome these issues, the involvement of CSNPs along
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with metallic NPs has improved biological integration, surrounding the site of oral 
infections. Ag and Au NPs are specially used for prosthetic, restorative, endodontic, 
orthodontic and osteogenic treatments with the incorporation of polymers. The 
production of reactive oxygen species (ROS), increment of cell permeability and 
hindrance to the DNA replications are the primary processes of the generation of 
metal ions during dental treatments [72]. 

Carvahlo et al. have designed fluoride-based stannous and CS (F/Sn/CS) tooth-
paste for the treatment of enamel erosion and abrasion at their initial stage. The 
incorporation of Sn NPs caused the formation of amorphous deposits on the enamel 
surface and eroded enamel with the instigation of protection activity. The layered-like 
structure of Sn/CS seems to possess acid-resistant property which helps in protection 
against dental enamel deterioration under harsh conditions. The chances of increment 
in the protection capability of this nanomaterial increases with increase in the inter-
action of Sn with the salivary proteins, affording a better preventive effect against 
erosion–abrasion. The antibacterial effect, induced inactivation of certain physio-
logical functions, high affinity towards the negatively charged groups of biological 
molecules, structural modification in the cell membrane and high surface area of Ag 
NPs became made this NPs popular in consumer products. A promising biofilm agent 
of lactose-substituted CS/Ag nanoparticles has shown great efficacy towards antibac-
terial activity against Streptococcus mitis, Streptococcus mutans, and Streptococcus 
oralis planktonic phase and biofilm growth mode as well as on saliva samples with 
the hindrance to the plaque formation [73]. The strong bonding formation between 
Ag and CS and the high inflammatory property of Ag NPs are responsible for the 
production of its related materials for the treatment of dental caries. Zhu et al. have 
designed bioactive glass (BG) based Ag/CS NBM. Ag-BG/CS has inhibited the 
growth of odontoblastic cells in the dental area with the suppression of phosphoryla-
tion and translocation mechanisms [74]. CS/Au and CS/Ag nanocomposites are also 
mainly used for wound healing, nano vehicles, and adhesive coatings purposes. 

The chelating effect of CS spread its direction to metal, metal ions and metal oxides 
to strengthen the materials without disturbing their shear bond strength. Also, the CS 
addition amount left a strong impression of being a suitable material nanocomposite 
for better material against bacterial infections as it acts as a reducing and capping 
agent in presence of metal NPs. Sharifianjazi et al. have discussed the preparation 
of Co NPs/CS nanomaterial and its activity on a bare 316L stainless steel alloy 
(316L SS) by electrodeposition technique and concluded that the developed material 
exhited improved mechanical property. This acts as a very good dental implant [75]. 
The protein-based biomimetic mineralization is also another important strategy for 
the treatment of dental diseases by the metal NP incorporated CS nanomaterials due 
to the facile, environmentally benign and bio-inspired processes [76]. The green, 
biologically inspired, facile, environment-friendly, cheap, presence of binding sites, 
reducing and capping sites of CS/metal nanomaterials dragged its attention towards 
the inhibition of dental infections.
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14.3.3 Chitosan/Metal Oxides Nano Biomaterials 

The multifunctional, stable, morphologically variant, inert and mechanically 
strengthened metal oxides have shown multiple applicabilities in different medical 
fields including dentistry. Metal oxides are the most stable material in harsh condi-
tions. Dipolar oxygen plays an important role in the easy binding mechanism with 
other precursors for the development of innovative materials. It has a strong effect on 
healing of tooth defects with the reduction of plaque formation inside the oral cavity. 
ROS is one of the important mechanism for healing of dental infections. Metal oxides 
such as TiO2, Ag2O and ZnO-embedded CS show selective toxicity to bacteria with 
minimal effects on human cells. The metal ions penetrate into the cell medium and 
reduces the chances of biofilm formation [72]. 

Host-guest interaction is another reason why the CS-based metal oxide NMs show 
promising results in dental applications. Here, CS acts as the cavity-like host where 
the metal oxides are invited as a guest to the cavity. At a proximate and optimized 
condition, the metal oxide and metal ions are released into the solution medium to 
exhibit their original biological activity. Being a multifunctional polymer CS has 
more affinity towards interaction with the MOs. The host-guest mechanism is the 
pillar of this binding interaction [76]. The chemical interactions of metal oxides 
with CS enhance the possible toxicological effects. It is found that the toxicological 
effects are driven by the content of metal NPs in the nanomaterial, aggregation, and 
crystallinity but are independent of size and shape [77, 78]. This theory has a syner-
gistic effect on the MW of the nanomaterial which develops the biological response 
to solve dental issues. The aggregation and crystalline CS/metal oxide nanomate-
rials have shown less impact on biological behaviour as compared to free/amorphous 
nanomaterials. It is reported that CuO/CS NBMs reduced toxicity and ROS produc-
tion in A549 cells and have shown prolonged, sustained and controlled drug release 
kinetics [79]. The advantage of such an extensive result lies in the covalent-coordinate 
bond formation by the metal of variant morphology-based ZnO, ZrO2 and functional 
groups of CS NPs [80, 81]. 

Factors such as multifunctionality, cavity-like host, MW, ability to accept metal 
and metal oxide NPs such as ZnO, Ag2O, TiO2 etc. make CS derivated biomaterials 
reactive antimicrobial species following ROS and host-guest mechanism. But many 
limitations lie with the development and application of CS-based metal oxides NBMs 
such as aggregation [82], solubility, low antimicrobial-antibacterial activity and less 
bonding interaction, hence the choosing of suitable metal oxides becomes important. 
To avoid these instances, the of the addition of inorganic metal oxides such as CaO, 
Na2O, K2O, MgO and d block metal oxides such as ZnO, CuO and AgO can incite 
interesting biological responses [83].



338 B. Parhi et al.

14.3.4 Chitosan/Organic Molecules Nano Biomaterials 

The biocompatiblity, easily solublity, arranged structure, rich in functional groups are 
the few essential features of the organic biomolecules. These, when combined with 
CS, impart great attention towards applicability in dentistry. Polyphenolic curcumin 
is one of the best examples of organic molecule-embedded CS NBMs developed to 
reduce dental infections. Mustafa et al. have designed curcuminoid/CS mouthwash 
to treat oral mucosa under denture or denture stomatitis [84]. Zhao et al. have devel-
oped an injectable antibacterial conductive material made up of carbon nanotube 
(CNT)/glycidyl methacrylate/CS-based cryogel for haemorrhage and wound healing 
applications. Such types of NBMs could act as good medicinal gels for root canal 
infection [85]. The ease of delivery of the encapsulated drugs, binding site retention 
and controlled release of the drugs ensures a longer stay in the oral cavity to impact 
activity against the periodontal pathogen. The incorporation of the organic molecule 
chlorhexidine gluconate (Chx) in CS NPs has enhanced the bioadhesive property 
and antimicrobial activity of the overall material [86]. Thomas et al. designed an 
injectable hydrogel prepared from oxidized hyaluronic acid (HDA) embedded CS 
NPs and studied the elasticity or stiffness of the NBMs. With the increment of 
HAD/CS nanomaterials, the stiffness increased from lower to the highest value of 
130.78 ± 19.83 kPa to 181.47 ± 19.77 kPa respectively with a decrement in gelling 
time which maintained the phenotypic integrity [87]. Sukpaita et al. have designed 
a novel CS-based organic molecule NBMs of CS/dicarboxylic acid (CS/DA) and its 
usefulness for bone tissue engineering material. This material can be used as a bone 
regenerative material with good osteoinductive and osteoconductive properties [88]. 

14.3.5 Chitosan/Inorganic Adducts Nano Biomaterials 

The cell proliferation, reparative approach, self-assembling hierarchical structure, 
and mechanically stable, bio-mimicked inorganic adducts such as hydroxyapatite, 
NaF, and SnCl2 made the CS/metformin-based nano biomaterials. Calcium phos-
phate cement (CPC) and alkaline phosphatase (ALP) embedded CS/metformin 
nanomaterial are developed and used for scaffold preparation, osteo/odontogenic 
composite is a highly promising scaffold with the potential for tissue engineering 
and dentin regeneration [89]. Liao et al. have designed an interesting mesoporous 
mHA/CS nanocomposite scaffold to treat periodontal issues loaded with recom-
binant human amelogenin (rhAm). The in-vivo, in vitro biological effects of the 
7 nm sized mHA/CS/rhAm possessed a surface area of 33.95 m2/g and 20 μg/mL 
rhAm loaded nanocomposites inhibited the formation of periodontal pathogens and 
promote the formation of bone and cementum-like tissue [90]. The development of 
electrospun fibre like meloxicam (MX) immobilized biodegradable CS/PVA/HA) 
via solvent casting method. The sustainable and controlled drug release kinetics
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proven this material is suitable for soft tissue-engineered implants and has anti-
inflammatory properties [91]. The host-guest interaction also played an important 
role in the reduction of periodontitis. This mechanism induced the interactions 
between the host immune system and plaque microorganisms. Xu et al. have synthe-
sized a hydrogel of CS/b-sodium glycerophosphate (b-GP)/gelatin with the loading 
of drugs such as aspirin and erythropoietin (EPO) to check pharmacological effects 
of anti-inflammation and tissue regeneration [92]. Natural and cost-effective dental 
varnishes prepared from propolis, mask, and CS/NaF have acted as a very good 
antimicrobial effect against in vitro bacterial-induced enamel demineralization [93]. 
Graphene oxide (GO) seems to possess excellent mechanical strength and its reach 
on biocompatibility is successful. The development of GO/CS/HA nanocomposite 
was preferred for the improvement of osteointegration between the implant and the 
bone [94]. Nanorod-structured CS/HA nanomaterials enhance the biomineralization 
of enamel and act as reinforcement materials for the prevention of dental caries. 
The enamel remineralization experiment was performed by using CS/CaPO4 NPs 
oriented the biomimetic replication. The orientated assembly of ACP guided by amel-
ogenin in the biomineralization of enamel. This sophisticated approach improved the 
formation of enamel-like crystals with an advanced mechanical property performance 
[95]. 

14.3.6 Chitosan/Ceramics/Glass Nano Biomaterials 

CS-based ceramics NBMs are quite an emerging material for dentistry purposes. 
The low thermal and electrical conductivity, good corrosion resistivity, good fracture 
toughness, translucency and good mechanical strength of ceramics-glass nanomate-
rial dragged attention to them. Similar to polymer, few limitations like brittleness and 
ductility exists, but have been resolved after the interaction with CS NPs. CS/zinc 
incorporated HA has shown good dental applications due to the participation of 
metal and inorganic adducts in the CS cavity. This intra-pocket like nanocomposite 
is suitable for the treatment of alveolar bone loss in the rat model of periodontitis 
[96]. 

14.3.7 Chitosan Mixed Nano Biomaterials 

CS mixed NBMs always comprise of two or more precursors based on their different 
physical and chemical properties. The superiority and advanced properties enhanced 
the utilization of such material for dental treatments [97, 98]. Table 14.1 represents 
a list of different structured CS-based NBMs, and their application in dentistry with 
effective treatment and results.
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Table 14.1 Details of types of nanomaterials and their treatment, target application and methods 

Structural CS-based 
NBMs 

Application Treatments and results References 

Network and fibrous 
CS/PVA/PCL 

Scaffold Successful bone tissue 
regeneration with bone 
morphogenetic protein 2 and 
vascular endothelial growth factor 

[77] 

Micron-sized 
CS/liposome 

Oral medicine, 
bioadhesive 

Treatment for periodontal 
disease, oral candidiasis with the 
reduction in plaque formation 
with the enhancement in 
viscosity, permeabilizer, 
antimicrobial, anti-adhesive and 
anti-dental caries 

[79] 

CS/curcuminoid Mouthwash Used for denture stomatitis with 
the effective therapeutic result 

[84] 

Spherical CS/HDA Cartilage 
production 

Growth and functionality of 
encapsulated chondrocytes 

[87] 

Chitosan/DA Bone tissue 
generation 

Good 
osteoinductive/osteoconductive 
properties by tissue generation of 
human periodontal ligament cells 

[88] 

CS/calcium phosphate Scaffold Dentin regeneration stimulating 
the odontogenic differentiation of 
human induced pluripotent stem 
cells 

[89] 

A fibrous film like 
meloxicam/CS/ 
PVA/HA 

Soft 
tissue-engineered 
implants 

Periodontal disease treatment 
with anti-inflammatory and 
nontoxicity effects 

[91] 

Rutin-loaded CS A drug in the  saliva  
fluid 

Prevents dental caries with 
anticarcinogenic effect 

[92] 

CS-NaF Dental varnishes Acted a significant role against 
in vitro bacterial-induced enamel 
demineralization with an 
antibacterial effect against S. 
mutans 

[93] 

CS/HA nanorods Prevents 
periodontitis 

Restorative dentistry osteogenic 
and cell differentiation with the 
enhancement of the enamel 
biomineralization 

[94] 

Carboxymethyl 
CS/CaPO4 

Teeth Biometric replication [95] 

Oriented and ordered 
CMC/alendronate 
(ALN) 

Tooth enamel Remineralization and 
biomineralization of the enamel 
via protease decomposing 
amelogenin 

[96]

(continued)
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Table 14.1 (continued)

Structural CS-based
NBMs

Application Treatments and results References

CS/biopolymer Scaffold Osteoconductive purpose with 
bone tissue regeneration 

[99] 

Microporous 
CS/gelatin/bioactive 
glass-ceramics 

Scaffold A potential candidate for alveolar 
bone regeneration applications 

[100] 

Nano-sized 
CS/gelatin/HA 

Dentistry Good swelling character and 
biological response to MG 63 
cells 

[97] 

CS/rose-bengal (RB) Dentine collagen 
matrix 

Dental caries and bad breath 
treatment by the production of 
antibiofilm effect with no dark 
toxicity 

[98] 

14.4 Current and Future Prospects of Chitosan-Based 
Nano Biomaterials in Dentistry 

Practical Importance and Limitations 

Climate change, environmental pollution, hormonal imbalance, stress and lack of 
oral hygiene cause numerous dental problems. Despite these problems, significant 
dental implants and dental care products have been designed with smart nanotech-
nology. Conventional materials are costly and less durable. Thus, to narrow down 
the gap between conventional materials and modern nanotechnology and to take 
care of the need for dental care products, nanotechnology developed an efficient 
and eco-friendly technology to satisfy these needs. The cost of conventional dental 
implant alloys is one of the important limitations that need to be eradicated. To 
solve many dentistry related issues, the requirement of smart materials came into the 
picture. We discussed CS-based NBMs for medical and dentistry exposures such as 
varnishes, dental implants, drug ailments and oral hygiene toothpaste. In the present 
study, we discussed many CS-based NBMs for dentistry purposes depending on 
the factors such as composition, concentration, MW, and other physical properties. 
Figure 14.3 represents the chitosan-based nanomaterials and their utilization to solve 
dental problems.

14.5 Concluding Remark 

This chapter discusses chitosan-based nano-biomaterials and their significant uses 
for dentistry purposes. These engineered nano-sized materials are biocompatible, 
biodegradable, cost-effective, stable, and durable in behaviour. The multifunctional,
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Fig. 14.3 Illustrates the chitosan-based nanomaterials and their utilization to solve the dental 
problems

macromolecular, variant morphological attributes, oxygen-rich groups, easy prepa-
ration, and rich abundance of these NBMs made scientists work on them. These 
materials have induced significant cytotoxicity and antimicrobial properties through 
oxidative stress and ROS mechanisms. This work also suggests that morphological 
texture and surface properties of CS-based nanomaterials determined by chemical 
composition possibly play a critical role in ROS production. Besides ROS, host-guest 
interactions also played an important role in the development of CS-based nano-
materials and promote space-carrying capacity. This smart material and its deriva-
tives improved their applicability with the help of organized nanotechnology into 
several directions like electronics, energy industries, pharmaceuticals, and medical 
and biological purposes. 
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Chapter 15 
Investigation of Chitosan/Metal 
and Metal Oxide Nanocomposites 
as a New Strategy for Enhanced 
Anti-Biofilm Efficacy with Reduced 
Toxicity 

Govindan Rajivgandhi, Muthuchamy Maruthupandy, and Franck Quero 

Abstract Worldwide, biofilm producing bacteria are the most challenging and 
careful concern, responsible for variety of infections in human every year. The 
clumping of sessile bacterial cells attached to each other in the inherent surfaces 
and embedded in an extracellular polymeric matrix is referred as a biofilm. Biofilm 
producing bacteria and their mode of dissemination are more resistance to conven-
tional antibiotics and immune response killing. Researchers are more struggled and 
investigated alternative anti-biofilm drugs with novel strategies to combat antibi-
otic resistant biofilm producing bacteria. In recent years, metal and metal oxide 
nanoparticles are widely used nanomaterials with promising applications in medical 
field and offer novel approaches to tackle different kind of pathogens. On contrary, 
increased concentrations of nanomaterial with considerable level of toxicity against 
various infections in medical field are great challenge. To avoid this problem, nano-
formulation demonstrates hopeful choice to succeed improved bioavailability and 
targeted drug delivery. Chitosan (Cs) is a natural polymer derived from derivatives 
of chitin which is extensively used in biomedical research due to the complete 
degradation and biocompatibility. Metal nanoparticles (M NPs) and metal oxide 
nanoparticles (MO NPs) have wide surface area and frequently utilized in biomedical 
research because of their inert biological properties. In recent years, the preparation of 
Cs/metal nanocomposites (Cs/M NCs)and Cs/metal oxide nanocomposites (Cs/MO 
NCs) are safer, chemically stable, and have excellent bioavailability and biocompat-
ibility with minimized toxicities against various infectious bacteria. Hence, the main 
objective of this work is to discuss the alternative way to increase the bioavailability 
of M NPs and MO NPs in the presence of Cs to treat biofilm producing bacteria with 
minimized toxicity.
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15.1 Introduction 

In recent years, usages of biopolymer including Chitosan (Cs), alginates, cellulose 
and pectin in biological risk assessment has increased attention worldwide in various 
fields including agricultural, industrial, biological, biotechnological, pharmaceutical, 
medicinal and health care sciences. Cs is the naturally occurring polysaccharide rich 
biopolymer that can be obtained from derivatives of chitin [1, 2]. In addition, it is 
widely used as a cationic biocompatible polymer in various fields, and also improves 
the production of nano-chemicals, thereby increasing the productivity, growth and 
immunity. Owing to the presence of hydroxyl and amino functional groups on Cs, 
the surface capping of metal and metal oxide-based nanoparticles using Cs provides 
a novel cost effective and toxic free production method, and helps in improvement of 
biological efficiency of nanomaterials effectively [3]. The positive charged low pH 
of the water-soluble cationic Cs acts as an excellent biocompatible material and is 
easily degradable and non-toxic in nature. Owing to these properties, Cs is suitable for 
implementation in biomedical applications. The positive charges of the cationic rich 
Cs surface have the ability to bond with negatively charged molecules or substances 
such as other polymers, drugs, bioactive compounds, chemical derivatives, antibi-
otics, metal and metal oxide nanomaterial’s, enzymes and etc. It provides significant 
physiological and biological benefits with potential biomedical applications in drug 
delivery [4] (Fig. 15.1).

15.2 Chitosan 

Cs is a poly (1 → 4)-2-amino-2-deoxy-d-glucan and cationic multifunctional natural 
polymer. It is approved by the U.S. FDA for drug delivery and tissue engineering 
approach [5]. It is an important colloidal drug carrier molecule which provides great 
drug loading capacity to deliver drug, gene and antibiotics in specific sites and 
is sometimes utilized in cancer therapy. This drug delivery process may increase 
the drug concentration inside the cells, might overcome the shortcoming result from 
infections and promoted the conventional drug delivery strategies [6]. Cs nanocom-
posites with charged nanoparticles have shown mucoadhesive properties in drug to 
deliver for prolonged period of time at target site locations. Cs is a linear polyamine 
and it stimulated the process of cross-linkages because of more amino groups and its 
cationic nature, also it helped to allow the ionic-cross-linking process with multiva-
lent anions. In addition, the process of nanoencapsulation between the nanomaterials, 
drugs, antibiotics and Cs are manipulated in aqueous solution without using toxic 
solvents [7] (Fig. 15.2).
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Fig. 15.1 Cs/M NCs and Cs/MO NPs as excellent biomaterials to eradicate biofilm formation with 
reduced toxicity

15.3 Importance of Chitosan 

Cs is a second most natural biopolymer after cellulose, which can be obtained from 
the shells of crustaceans, fungi cell walls, algae and some bacteria. It is a promising 
carrier material used in various biomedical applications including nano drug delivery, 
vaccine delivery and inherent biological and chemical properties [8]. These proper-
ties include excellent biocompatibility, biodegradability, nonimmunogenecity, and 
increased bioadhesion ability, wound healing capacity and low toxicity [9]. Based 
on these advantages, Cs and its derivatives have gained attention in drug delivery 
research and will have performed as unlimited application perspective. In recent 
years, Cs based nanoparticles are extensively implemented in animal experiments for 
human related infection due to compromised toxicity. In addition, it is concentrated
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Fig. 15.2 Extraction of Cs 
from chitin using degree of 
deacetylation

in in-depth studies against wound healing, tissue engineering, scaffold materials, 
drug carrier molecule, vaccine, vehicle and vector as usage in a variety of forms. 
Interestingly, green productions in the development of Cs based products are highly 
used in various fields for the benefit of humans [10]. 

Cs has unique properties such as easy utilization and processing ability and 
capacity to release the drugs through long term time interval. The combination 
of the drugs with Cs is more economic and environmental friendliness compared 
to other classes of materials. Recently, Zheng et al. reported that Cs has excellent 
drug delivery materials, and maintains the continuous drug release capacity in long 
term basis. In addition, high molecular weight of the Cs composes the basic structures 
of microbes and plays a major role in important processes [11]. Potential natural Cs 
is derived from plants, animals, bacteria, fungi and some other living organisms by 
different synthesis methods [12]. These synthesized Cs will be used as biomaterial in 
the medical field, food additives in food industry, adsorbents, packaging, cosmetics, 
water treatment, energy conversion, biosensor, plastic degradation, fabric and cloths 
in wool industry. In addition, the excessive production of biodegradable biopoly-
mers such as cellulose, starch, glycogens are used in energy conversion and various 
biological functions are also of considerable interest in the recent research study. 

Notable functions of carbohydrate biopolymers are intercellular interaction, cell 
variations, arrangement of multicellular structure and malignant neoplasms growth 
[13]. In advance, solubility, viscosity, chemical, gelation, physical, mechanical, avail-
ability, constituents, surface nature, bond variation, degree of polymerization and 
other structural capacities of carbohydrate polymer are helpful to decide its poten-
tiality in various biomedical, industrial and biopharmaceutical applications [14]. 
Recently, cancer targeting, tissue engineering, wound healing, tissue regeneration 
using biopolymers would be beneficial to focus on developing Cs based materials 
which are the best choice to serve as biological substitutes for body tissues at the
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nanoscale [15]. Therefore, biopolymers are excellent reservoirs than other materials 
to promote the drug carrier role and releasing efficiency in the target site of different 
infections. 

Among various polysaccharides, Cs is the superior biopolymer with diverse 
functionalization, and is an easy crosslinking non-toxic, biocompatibility material. 
The mechanical and physiological strengths are very high due to the cross-linking 
nature. It has higher drug loading capacity because of its higher porous network and 
larger surface area and most importantly it prevents the burst release of drugs and 
attains controlled drug release [16]. When Cs is employed as a drug delivery carrier 
molecule, it can be diffuse strong electrostatic interaction with other materials like 
bioactive compounds, proteins, enzymes, genes through the positive charged surface 
containing amino groups. It can improved the bioavailability of drug and activate the 
drugs for sustainable delivery with a long term period [17]. 

More number of methods are used for drug delivery against various infections 
including physical, chemical and biological and the stimuli induced responses are 
the most favoured attributes for site specific drug delivery. This process is used for 
significant increase in drug delivery that trigged the drug release and increases the 
bioavailability and loading of drug loading in long term [18]. Further, Cs is the most 
suitable biopolymer for scaffolding materials due to the increased biodegradable 
efficiency and minimized toxicity. Recent report of Vinit et al. documented that the 
amino sugars of the Cs are completely absorbed by the body during the process 
of degradation. In addition, the promising chemical and thermal stability of the Cs 
structure is more helpful for the degradation process in human body. In drug delivery 
process, the modified structural and functional moieties of Cs scaffolds are important. 
Also, scaffold-based Cs is use in broad range of applications in translational medicine 
[19] (Table 15.1).

Cs contains nitrogen groups in its molecular structure, and its cationic nature helps 
to form polyelectrolyte complexes. It also exhibited its extra ordinary characteristic 
features like mucoadhesion, transfection, and in situ gelation. Advantages of these 
properties can help the primary amino acids to attach to the polymeric chains. In the 
scaffold/Cs preparation, initially the cationic nature of the Cs helps in the formation 
of carboxylate salts including lactate acetate and citrate. Cs is divided into many 
kinds based on molecular weight, degree of deacetylation and degree of crystallinity. 
Sometimes, the poor solubility nature of the Cs has limited polymeric nature. In this 
stage, the chemical modifications like alkylation and carboxy methylation helped to 
improve the properties of Cs molecules. It helps in improvement of Cs solubilization 
and it helps in protonation of the amino group (-NH2) of the D-glucosamine moieties. 
The polyelectrolyte is formed after transferring of polysaccharides in acidic media. 
So, the protonation process is heightened and also solubility of Cs is automatically 
increased.
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Table. 15.1 Important Cs, Cs/metal and metal oxide nanocomposites and scaffold material usage 
in biomedical application 

No. Cs Metal, metal oxide 
nanocomposites/Scaffold 
materials 

Drug delivery 
application for 
various infections 

References 

1 Cs/metal 
formulation 

Cs/silver nanocomposites Anti-cancer therapy [20] 

2 Cs/metal 
formulation 

Cu/Cs Tissue engineering [8] 

3 Cs/metal 
formulation 

Cs/Cu/Ag Environmental 
pathogens 

[21] 

4 Cs/metal 
formulation 

Cs/graphene Anti-cancer therapy [22] 

5 Cs/hydrogel 
formation 

Cs/hydrogel formation Biomedical 
application 

[23] 

6 Cs/metal oxide 
nanocomposites 

Cs/CuS Photothermal cancer 
therapy 

[24] 

7 Cs/metal oxide 
nanocomposites 

Cs/rGO/Fe3O4 Anti-biofilm and 
anti-oxidant 
activities 

[25] 

8 Cs/metal oxide 
nanocomposites 

Cs/graphene oxide Cancer therapy [26] 

9 Cs/metal oxide 
nanocomposites 

Graphene oxide in 
Cs/alginate 

Anti-fungal [27] 

10 Cs/Scaffold 
materials 

Hydroxyapatite/Cs/gelatin Bone regeneration [28] 

11 Cs/Scaffold 
materials 

Cs/polycaprolactone Bone defect 
repairing 

[29] 

12 Cs/Scaffold 
materials 

Cs/HPMC scaffold Sore throat [30] 

13 Cs/Scaffold 
materials 

Cs/gelatin Bone reformation 
therapy 

[31] 

14 Cs/Scaffold 
materials 

Cs/calcium phosphate Cytocompatibility [32] 

15 Cs/Scaffold 
materials 

Cs microspheres/HPCH Osteochondral 
regeneration 

[33] 

16 Cs/Scaffold 
materials 

Cs/collagen Rheological and 
release studies 

[34]

15.4 Mechanism of Chitosan in Drug Delivery Approach 

Drug delivery against various infectious sites has created high demands in the 
biomedical applications and also it is one of the major issues in the controlled drug 
delivery approach [35]. The controlled drug delivery process is affected by various 
environmental stimuli changes such as temperature, pH, light sources, proteins,
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Fig. 15.3 Properties and different drug delivery systems of Cs molecules 

enzymes, ultrasound, magnetic field, some organic and inorganic materials. The 
significant changes in environment affect the swelling and de-swelling of the stimuli 
responsive hydrogel, and it released the entrapped drugs at an undefined rate [11, 
12]. It also depends on the physical behaviours, ionic charges or synthesis method 
of drug preparation (Fig. 15.3). 

Usually, the structure of porous material allows all kind of drugs, antibiotics, 
bioactive materials, enzymes for entrapping and it accommodates by adjusting 
internal and outer environment in a hydrogel form. This kind of hydrogel based 
controlled drug delivery approach is a good way to deliver the drugs compared with 
other gels because of the cross linkages of injectable hydrogels in the charged surface 
of the objects. It is prominantly used in scaffold-based controlled drug delivery 
approach in biomolecule entrapment field [21, 36]. Recently, complete drug delivery 
processes are needed for additional support with ethical rules. All the entrapment of 
drugs into the hydrogels or scaffold methods should be followed the defined ethical 
rules. It must be followed to explain the results clearly. They are as follows: (1). 
Confirm the gel degradation in target sites, (2). Avoid toxic solvents during entrap-
ment process and (3). Should not produce toxicity. These criteria are used to increase 
the physiological and mechanical properties within entrapped drugs that are more 
sufficient to inactivate the infectious pathogens after loading the drugs [23]. 

Based on the criteria, controlled drug delivery approach with efficient drug transfer 
into the target sites, the chemically as well as physically cross-linked polymers is 
the best choice. Compared with the physical and chemical methods of the cross-
linking process, the physical method of cross-linking is the safer preparation tech-
nique than chemical preparation method. The increased mechanical properties and 
drug efficiency with the long-term process are achieved by the physical cross-linking 
method [15]. Also, the controlled drug delivery based on the covalent bond transfer 
is more safe and has high performance in injectable drug delivery at the target sites.
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Recent reports found that Cs is the dominantly utilized in drug delivery applications. 
[24]. In particular, biodegradable, biocompatible, decreased immunogenicity and 
intrinsic antimicrobial activity are more helpful in biomedical application without 
causing toxicity. Notably, the bio-substitutes, anti-microbial, food packaging, wound 
dressing and drug carrier approaches by Cs based materials are very effective than any 
other chemical molecules. All the applications of Cs based drug delivery approaches 
using various drug molecules are reported by Neema et al. Danya et al. Wentao et al. 
[25, 28, 29]. The agreed result of Wei-Ting et al. [37] reported that the Cs loaded 
with cisplatin and demethoxycurcumin drug molecules entered into the bacterial and 
cancer cells causing complete destruction due to the target site drug delivery. 

Particularly, the primary amine groups and hydroxyl groups of the Cs containing 
more active sites, helped to deliver the drugs into the cells very efficiently. The amino 
groups present in the Cs molecules help it to become soluble in the acidic solution 
but Cs is insoluble in neutral or alkaline solution. This inherent property of the Cs 
helps it to acts as an excellent carrier molecule in some in vivo inhibition studies 
[38]. The anhydride modification of carboxylated Cs in amphiphilic condition acts 
as an excellent nanocarrier for solubilizing drugs or achieves the controlled release 
of drug. In addition, the amphipathic conditioned Cs nanocarrier drugs are excellent 
reservoir drug candidates in the field of anti-tumour drug delivery and also cancer 
therapy. Based on the above said information, nanocarriers of Cs based drugs are 
the excellent controlled drug delivery materials and also deliver sufficient doses 
of drugs to eradicate the infectious pathogens in target sites and avoid the inherent 
disadvantages of the conventional therapeutic drugs. Interestingly, the most important 
advantages using the Cs are, the drug release time because the drug is released for 
a longer period of time and can minimize the side effect and deliver the drug to the 
target site position. When the drugs are released in a controlled manner, the infection 
will be cured completely, and also the long-time delivery of the drug may possible 
to avoid re-entry of infection to the particular site. In addition, when the drug loaded 
Cs molecule hits the target, a complex mechanism will be activated in the drug 
delivery process and drug will be released in a controlled level in target sites of the 
desired region. It is more helpful to implant transfer, catheterized biofilm formed 
cells, wound dressing, tissue regeneration and cancer cells drug loading process as 
a controlled delivery approach [2, 3]. 

15.5 Target Site Drug Delivery 

In recent years, the drug resistance in human infections is heightened due to 
the poor solubility, poor degradability, low stability nature, short period of life, 
decreased physiochemical properties and increased toxicity of drug carriers [15]. 
Anti-microbial, anti-biofilm, anti-cancer and anti-immunogenic infections are threat-
ened worldwide population due to the scarcity of administrated drugs into the cells. To 
improve the effectiveness of drugs within the cells, the optimization of drug delivery 
system is the better choice to entrap drugs including antibiotics, bioactive compounds
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and chemical drugs to achieve a therapeutic drug effect. In particular, this kind of 
approach is the excellent choice for cancer therapy [24]. Specifically, the absorption, 
distribution and the extent of, drug release by the drug delivery model are very impor-
tant, while achieving optimize therapeutic effects, improvement of patients’ condi-
tion, safety and convenience. In addition, the recent drug delivery model approach 
is mainly focusing on the optimal speed of drug release and enhancing the ability of 
drug delivery and the ability of the target site drug delivery into the cells. In this drug 
delivery approach, the side effect of drugs through in vitro and in-vivo experiment 
is an important criteria to consider for utilization in the medical field. To overcome 
this problem, surface modification of carrier molecules that improve the nature of 
their targeting ability in humans and also decrease in the toxicity nature of drugs are 
necessary. 

Among the various carrier molecules, polymers are the best choice to deliver the 
drugs into the cells using as a carrier molecule. Initially, doxorubicin is the important 
cancer drug used within the polymers as a drug carrier to reach the target site in cancer 
cells and it enhances the cellular uptake and destroy the cancer cells vigorously [23]. 
The target delivery of selecting drugs against specific diseases without damaging 
the original cells is proposed by Paul Ehrlich, and the process called hypothetical 
drug is the magic bullet. Based on this advantage, scientists are concentrating their 
attention on the development of ideal drugs that specifically target the particular site 
of action. The progress of this kind of drug delivery is very effective and highly 
used in the biomedical field as a format of nanomedicine. In addition, it is composed 
of three different roles, (1) therapeutic agent, (2) target moiety, (3) carrier system 
[39]. Among these three, carrier molecules are very important because it affects the 
pharmacokinetics and pharmacodynamics of the drugs. In this material, synthetic or 
natural polymers such as biopolymers, lipids, dendrimers and surfactant are impor-
tant components [40]. Out of these polymers, Cs is an excellent polysaccharide 
rich biopolymer and it the most utilized biopolymers in the biomedical applica-
tion worldwide. The positively charged Cs molecules have excellent biocompati-
bility, abundant bioavailability, unique mucoadhesivity, complete biodegradability, 
low immunogenicity, inherent pharmacological and biomedical properties [34]. All 
the properties of Cs are influenced by molecular weight and degree of deacetyla-
tion, and chemically modified Cs are also a great opportunity in the medical field 
to act as a carrier molecule which is available in the form of trimethyl quaternized, 
carboxyalkyl, sugar bearing, bile acid modified, cyclodextrin linkage and thiolated 
Cs [41]. Notably, thiolation of Cs is composed of disulfide bonds with more cysteine 
rich subdomains of mucus glycoproteins and has the excellent improved capacity 
in mucoadhesive property. In this format, enormous amphiphilicity nature creates a 
suitable drug delivery vehicle for cancer therapy. In addition, the small size nanopar-
ticles are an excellent reservoir, which can be administrated for different antibiotics, 
bioactive compounds, enzymes, drugs and also used intravenously for target drug 
delivery. This is similar to all other Cs as an excellent target site specific drug delivery 
vehicle in various biomedical applications [10]. 

Therefore, Cs has excellent strength in physical, chemical and biological prop-
erties for drug delivery approaches especially mucoadhesive nature that influenced
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the mucous layer and significantly heightened the drug nature in the vigorous time 
of infection at the mucosal surface. Based on this advantage, the Cs can increase 
the penetration ability into the human tissue cells by proving its ability in the drug 
delivery process. 

15.6 Biofilm 

Worldwide, millions of death evidences are reported due to the rapid spread of bacte-
rial infections every year [42]. Till-date third generation cephalosporin group of 
antibiotics are the major choice to treat bacterial infections. Extensive and continuous 
use of inappropriate antibiotics led to the increase in drug resistance in bacteria. The 
drug resistance bacteria and their virulence effect in human beings are very dangerous 
especially carbapenem resistant and ESBL producing Enterobacteriaceae including 
A. baumannii, P. mirabilis, K. pneumonia, and also gram-negative P. aeruginosa [43]. 
In 2017, WHO announced that drug resistance bacteria listed in various classes based 
on the criteria, 1. critical, 2. high and 3. medium [44]. Among these carbapenem and 
ESBL producing bacteria are the fatal pathogens which cause severe infections and 
considerable death in developed countries. Particularly, antibiotic resistant bacteria 
are not only involved in the transformation of structure and gene mutation in bacteria, 
but also involved in the bacterial biofilm formation. 

Biofilm is a well-organized bacterial community incorporated in a self-assembled 
extracellular polymeric matrix which adhered permanently to the inherent surfaces 
[45]. It consists of rich polysaccharides, proteins, amino acids, lipids, extracellular 
DNA and nucleic acids. In specific, exopolysaccharides provide not only a satisfac-
tory environment for bacterial growth but also serve as an excellent physical barrier 
[46]. This exopolysaccharide protects the bacterial outer layer by providing high 
antibiotic resistance and antibiotics infiltration by restricting the penetration of drugs 
[47]. Drug resistant bacteria causing biofilm formation are very dangerous in medical 
and clinical field. This is because biofilm forming bacteria are 1,000 times resistance 
than drug resistant bacteria due to the signalling behaviour of plenty of pathogenic 
gram-negative bacteria [48]. Exopolysaccharide creates automatic antibiotic inacti-
vation and enhances the suitable surface environment for foreign pathogenic particles, 
so as to prevent the infections caused by biofilms that is the most obstinate challenge. 

In environmental media, the biofilm pathogens triggered the microbial contam-
ination and it is the most severe threats to public health worldwide [49]. Recent 
researchers strongly reported that the biofilm is a special group of bacterial commu-
nity which develops the strong physical and chemical barrier with the help of auto-
generated extracellular polymeric substances. It protects the embedded bacteria and 
developed the immune defences as well as environmental stress against antibiotics, 
chemical compounds, drugs and any other format of inhibiting factors [50]. Some-
times, with the partial elimination of biofilm bacteria in water, food and other indus-
trial materials, it easily develops continuous microbial contamination. All the food, 
agricultural and industrial materials are highly compromised by biofilm bacteria and
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chance for contamination. In the industry, the biofilm bacteria are key factors for high 
level of damage in industrial devices resulting in economic loss. In this condition, 
the intracellular survival of biofilm forming bacteria is more resistant to all kinds of 
existing antibiotics and also has a chance for treatment failure. Also, the extracel-
lular biofilm pathogens are acting as intracellular pathogens as pportunistic. In recent 
years, the enterobacteriaceae contributed to 90% of biofilm formation in different 
surfaces including K. pneumoniae, E. coli, A. baumannii, P. mirabilis, P. aerugi-
nosa and all the carbapenem and ESBL resistant pathogens. The survival of all these 
bacteria within the biofilm is important and their host defences nature is 1,000 times 
vigorous than other drug resistant pathogens [51]. The important reason of the host 
defence mechanism is the extracellular matrix and alteration of metabolic activity in 
bacteria, which adopt dormant phenotypes and low responsiveness to antibiotics. 

15.7 Mechanism of Biofilm 

The more viscous, 3D arrangement of bacterial communities within the outer cellular 
matrix layer are formatted to protect and fence the pathogenic microorganisms 
enveloped within [52]. The extracellular matrix of the biofilm structure is constructed 
with more polysaccharides, eDNA and eRNA of nucleic acid, more lipid content, 
high protein and amino acid and some other host substances [53]. Extracellular layers 
of the biofilm cells provide more viscoelasticity and these layers help to stablize 
the biofilm cells in the surface of the biofilm and it also influenced by mechanical 
stress and thermo tolerance. Biofilm formation prevents the sequestration and diffu-
sion of the molecules, which can impact biofilm function including metabolism of 
cells and mobility of cells that lead to antimicrobial resistant populations. These 
continuous persistent cells can utilize the repopulation of the remaining biofilm 
materials leading to recurring infections. In addition, the cell-to-cell communication 
model of the biofilm formation is very dangerous and its resistant rates are unpre-
dictable [54]. Recent years, the researchers reported the cell to cell communicating 
factors of biofilm cells. Recent reports of biofilm formation are mediated by the 
cell to cell communication process and it called as quorum sensing [55]. The cell 
density dependent signalling system relies on the making and identifying of small, 
diffusible, extracellular molecules called as an autoinducers, which act upon gene 
expression. Quorum sensing regulates the motility, virulence, sporulation, conjuga-
tion, in biofilm formation [56]. The known signalling factors of quorum sensing 
system are N-acyl homoserine lactones that act as an important signalling factor in 
gram negative bacteria. Hence, current time is critical and there is an emerging need 
to discover novel strategies to combat biofilm bacteria in bacterial infections [49].
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15.8 Effect of Chitosan on Biofilm Formation 

In recent years, researchers are concentrating in the biological applications of Cs 
in various infectious diseases. This is because Cs has unique properties, excellent 
biodegradability, biocompatibility and decreased toxicity than other chemical [45]. 
It has significant antimicrobial activities against various bacteria, fungi and cancer 
cells. In addition, Cs is used in all the fields including food, agriculture, flocking 
in water treatment, sensor, industrial enzyme preparation, waste water treatment, 
plant defences, food additive, supplement in food preservation, dehydrating agent 
in cosmetics, hydrogel film in various biopharmaceutical industry and drug delivery 
carriers. Among these, the antimicrobial properties of Cs against multi drug resis-
tant bacteria, fungi and cancer cells are heightened worldwide and its antimicrobial 
properties depend on its physiochemical properties. In this chapter, we highlight the 
antimicrobial applications of Cs against biofilm producing bacteria. 

In the last few decades, the antimicrobial properties of Cs against bacteria are thor-
oughly identified and reported in plenty of articles [46]. Mechanistically, the antimi-
crobial effect of Cs is highly depending on their structure, physiochemical character-
istics and environmental conditions due to the activation of reactive hydroxyl groups 
at the c-3 and C-6 position [43]. In addition, Cs is classified in two different ways of 
approach against bacteria, i.e., High molecular weight Cs and low molecular weight 
Cs. Both the Cs molecules are very effective in bacterial inhibition and their mode 
of actions are also very effective against intracellular effects and extracellular effects 
or both based on the targeting site of the antimicrobial effects [42]. In particular, 
due to the high molecular weight of Cs, it cannot enter into the cell wall and cell 
membrane, and also the potential antimicrobial properties are involved as a chelator. 
It can prevent the external nutrients from being taken up by cells and also help to 
avoid the cell permeability of external pathogens [43]. Importantly, the low molec-
ular weight Cs is very important in antimicrobial research, because it has the ability 
to inhibit the intracellular and extracellular bacterial cells. Further, it can be altering 
the RNA, protein synthesis, amino acid production, signalling factors, mitochondrial 
function, enzyme production, extension of cell cycles and excess nutrient. Then, the 
inhibition effect of Cs is highly dependent on the type of targeted microorganisms 
[48]. 

15.9 Mechanism of Chitosan on Bacterial Biofilm 

Based on the anti-bacterial activity, the potential inhibition ability of Cs is depending 
on the bacterial class such as gram-positive bacteria and gram-negative bacteria, and 
Cs is affected by these bacteria based on their surface nature [50]. Usually, gram 
positive bacteria have more peptidoglycan and teichoic acid [51]. Instead, the gram-
negative bacteria have more lipopolysaccharide. Based on the different cell surfaces 
structures of the gram-positive bacteria and gram-negative bacteria are the lead target
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sites for Cs and susceptibility also depends on surface nature of these bacteria. In 
addition, more negatively charged gram-negative bacterial surface charges are easily 
attached to phosphorylated groups of positive charged Cs due to the influence of 
lipopolysaccharides. Also, the cationic Cs with phospholipids is more susceptible to 
negative charged gram-negative bacterial surface. 

In Fig. 15.4, the positively charged Cs molecules may interact electrostatically 
with negatively charged teichoic acids and lipopolysaccharides (found in Gram-
positive bacteria) and lipopolysaccharides (found in Gram-negative bacteria) to block 
intracellular and extracellular exchanges, disrupt cell walls, and ultimately cause 
cytoplasmic leakage. Importantly, the environmental pH comes below 6.5, the gram-
negative bacterial surface and Cs surface is linked each other and can easily enter 
into the bacterial cells, and then destroy the complete bacterial cells [43]. These 
evidences are more suitable to inhibit the gram-negative bacterial infections, and 
also confirmed that the gram-negative bacteria are more susceptible to Cs than gram 
positive bacteria. Even some researchers are reported that the gram-positive bacteria 
are also very sensitive to Cs, because rich teichoic acid of the gram-negative bacteria 
has a negative charge due to the presence of phosphate group in their structure. Only, 
the mutation of teichoic acid in the biosynthesis pathway is quite different to the Cs 
mechanism and also resistance to Cs, indicating that the mode of action of Cs is little 
complex than simple electrostatic interactions. Apart from this, the thick cell wall of 
the gram-positive bacterial surface is also preventing the Cs from binding directly to 
the cell membrane. 

The antifungal effect of Cs against plant and human affected with fungal infec-
tion is reported by Hua et al. [57]. The anti-fungal activity between the fungi and 
Cs is mainly interpreted the interaction of Cs with the cell wall or cell membrane. 
In addition, the minimum inhibition concentration effect of the Cs against fungi 
differed and is highly linked with the molecular weight and degree of deacetylation 
of Cs, solvent pH and type of fungus and fungal target sites. Further, the fungal cell

Fig. 15.4 Mechanism of Cs on biofilm producing gram-negative bacteria interactions 
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membrane has more unsaturated fatty acid content and it can be correlated with the 
Cs formed due to the interaction of negative charged surface and positive charged 
counter surface nature [4]. So, fungal surface membrane cells are more susceptible to 
Cs due to the excellent membrane fluidity of unsaturated fatty acids. Importantly, the 
highly dangerous Candida albicans, Candida tropicalis and other Candida species 
are more susceptible to Cs due to excess production of negative charged particles 
[14]. Also, some fungi including C. tropicalis expressed and increased more than 
1,000-fold susceptibility to Cs [43]. Similarly, the low molecular weight of Cs help 
it to easily penetrate into the extracellular cell wall and cell surfaces, and acted as an 
antifungal agent. After entering into the cell wall, it can inhibit the DNA/RNA and 
protein synthesis. Evidently, some researchers reported that the Cs could be inhibited 
by the mitochondrial activity in various fungal cells. 

Cs is a natural biopolymer that is composed of rich polysaccharides of monosac-
charides of glucosamine and N-acetyl glucosamine. Each monosaccharide has three 
essential functional groups, amino group at C2 position and hydroxyl groups at C3 

and C6 positions [2]. Different monosaccharides of the Cs provide various phys-
iochemical properties, particularly important structural changes including degree of 
deacetylation, viscosity and molecular weight. Among these three structural changes, 
degree of deacetylation and different molecular weights of the Cs are involved 
in the increased biomedical applications including anti-bacterial activity and anti-
biofilm activity. In addition, it helped to determine the solubility and viscosity of 
Cs. Recent studies agreed that the polycationic nature of the amino groups and N-
acetylglucosamine groups of the Cs have unique anti-biofilm property [4, 5]. In 
biofilm formation, a greater number of the virulence behaviour exhibited negative 
charged surfaces that are highly sensitive to cationic nature of the Cs through elec-
trostatic interaction. Notably, exopolysaccharides, proteins, amino acids, enzymes, 
DNS generated more negative charged molecules, and it is compromised by posi-
tive charged Cs through electrostatic interactions. After the Cs penetrated into the 
biofilm bacterial cells and interacts with the cell cycle process it completely arrests 
the biofilm organelles [6]. Also, the biofilm forming gram negative bacterial cells 
and their internal components of carbohydrates, proteins, cytoplasmic granules, cell 
membrane leakage materials are compromised to Cs through functional group inter-
action. After this process, the permeability of bacteria is lost due to its internal ability 
to produce the virulence factors, resulting in the leakage of more cytoplasmic content, 
which obviously leads to cell death [7]. 

After this process, Cs enhanced the cell membrane components and it can be 
further be stimulated to the conjugation process with cationic antimicrobial peptides 
[9]. Then, it actively prevents the biofilm organelles in the target sites and creates 
internal failure in the biofilm cells, particularly in gram negative bacteria and some-
times in gram positive bacteria. Finally, the polymeric nature of the Cs residues is 
involved in the chelation process with the help of many important metal ions including 
zinc, calcium, and magnesium. All the metal ions act as a precursor molecule and 
are involved in the transcription and translation process of bacterial biofilm genes; 
thus, these processes get altered or stopped causing cell death [10].
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Further, Cs is used to prevent the biofilm contamination in hospitalized infec-
tions and medical devices such as catheters, orthopaedic implants by gram posi-
tive bacteria of S. aureus and S. hemolysis, and gram-negative bacteria of E. coli, 
P. mirabilis, A. baumannii and P. aeruginosa. Interestingly, Cs prevents the biofilm 
formation in catheterized materials and implant surfaces made up of titanium, catheter 
tubes, titanium alloy, aluminium steels and stainless steel. Especially, the gram-
positive bacteria i.e., S. aureus and S. epidermis are completely eradicated and 
also affects significant bacterial shrinkages. This efficient protection procedure for 
medical device surface using Cs coating method can be considered by reducing the 
high risk of device related infections in the medical and clinical field. Specifically, 
the concentration dependent Cs and its timing of prevention has very important 
advantages to prevent the biofilm cells in long term. In food industry, Cs served as 
packaging materials for food preservation including junk foods, vegetables, fruits, 
sea foods and processed meat, gel, fibre and edible film [13]. Furthermore, Cs and 
Cs made films acted as biodegradable materials with antimicrobial ability to avoid 
the nutritional behaviour of moisture, gaseous and microbial spoilage for safe health 
and without environmental impacts [14]. 

Importantly, the anti-biofilm activity of Cs is available in many structural forms 
and they are very effective against biofilm forming bacteria through intracellular 
and extracellular levels as a format of unmodified nature, hydrogel, high and low 
molecular weights, chemical modification, nanoparticle and conjugation. Overall, 
Cs, owing to its highly reactive chemical molecules provides greater efficiency in 
the entire research field and is applied in different life aspects in order to destroy 
microbial contamination and decrease health and environmental concerns. 

. 

15.9.1 Chitosan/Metal/Metal Oxide Nanocomposites 
on Biofilm Formation 

Nanotechnology is of greatest interest worldwide due to the potency of application in 
diverse fields, particularly medicine, clinical, pharmaceutical and cosmetic industry 
[58]. It deals with the synthesis of various nanoparticles having particle size below 
100 nm. Among various usage materials, nanoparticle gained attractive attention 
due to their unique properties in biological, chemical and physiological materials to 
their macro and micro counterparts. Especially, green synthesized nanoparticles are 
involved and produced the greatest revolution in biomedical application being cost 
effective, less time consuming and low toxicity [59]. In the medical field, the frequent 
usage of antibiotics may lead to the development of multi drug resistant behaviour 
in pathogens, and also emerging need of new classes of antibiotics to eradicate these 
multi drug resistant pathogens. The existing antibiotics have lower biocompatibility 
with decreased biological properties. On the other hand, nanoparticles can cross the 
outer cellular layer of resistant microbes, overcome the efflux barrier and decrease
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the colonial formation in drug resistant bacteria. Due to this defect, more number 
of different antibiotics are synthesized for complete eradication of drug resistant 
and biofilm forming pathogens. Likewise, more number of nanoparticles including 
silver, copper, zinc, gold, titanium dioxide, and the recently emerged 2D materials 
of graphene, Mxene having broad spectrum antimicrobial activity against multi drug 
resistant bacteria, are synthesized and applied in biological activities [60, 61]. All 
these nanomaterials are used to eradicate the bacteria through ROS damages. After 
entry of nanoparticles into the outer membrane, it simulates the ROS in higher rate 
and stops the bacterial mechanism. 

Different nanoparticles having different properties are also used in different fields 
such as food, agriculture, water industry, energy, environment, catalysis, biomedical 
application, pharmaceutical industry, drug delivery approach, photo electrochemical 
sciences, electronic, and mechanics [62]. In addition, nanomaterials are very effective 
than other bioactive compound, antibiotics and drugs due to the unique structure and 
properties. It can be synthesized from various methods like physical, chemical and 
biological having very effective biological properties against infectious pathogens. 
Among these, chemical method is very effective and is used different types of chem-
icals for production process, and it takes lot of time and has high production rate. 
In addition, the usage of different chemicals may change due to the formation of 
toxic by products, hence the recovery and production cost is very high. Also, it 
cannot be used sometimes in all the applications. On the other hand, the physical 
method of nanoparticle synthesis is more time consuming and highly expensive due 
to the usage of energetic radiations. Moreover, the physical method alters the phys-
iochemical properties in nanoparticles when using the energetic environment. Also, 
it produced some side effects and could change into toxic. 

Instead, the biological method of nanoparticle synthesis is very effective than 
physical and chemical methods, using natural materials as a reducing agent such as 
plant materials, microorganisms, enzymes, polysaccharides, proteins, peptides and 
sponges. Compared with the other two methods, the biological mediated nanoparticle 
synthesis is safe, low cost, time consuming, and eco-friendly. It is a more reliable 
method having the potential role of beneficial effect and easily accessible sources 
with large scale production in a short period of time. Further, the production rate 
of plant mediated nanoparticle is very high than the other biological sources like 
microbes, algae, sponges, peptides and also than the chemical and physical methods. 
Also, to avoid the decreased inhibition of nanoparticle efficiency, new strategies are 
needed to deliver the nanoparticles completely to the target sites and also minimum 
time for drug delivery has been proposed. In recent years, polymeric nanoparticles 
or polymer-based metal and metal oxide nanoparticles are used as carrier molecules 
for non-toxic mode. 

Cs is the second most important natural cationic biopolymer after cellulose that 
has excellent biomedical and pharmaceutical activities. It has been reported previ-
ously for its adhesiveness, non-irritability, biocompatibility and is a biodegradable 
material widely used in various biomedical and pharmaceutical applications. Impor-
tantly, Cs can serve as carrier molecules to be applied in the matrix to immobilize 
and release macromolecules in the inside of the cells. Specifically, Cs are well known
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for their controlled drug delivery release properties and are used both in-vitro and 
in-vivo applications. Non-toxic and non-immunogenic properties of the Cs are used 
systematically in the treatment of medical especially biofilm eradication. Previously, 
the nanocomposite formation of Cs and nanoparticles has been investigated, as Cs 
itself is known to produce antimicrobial activity, and also play a role of stabilizing 
the nanoparticles [63]. Hence, the result of the investigation is concluded that the Cs 
acts as an antimicrobial agent as well as stabilize and protect the formed nanopar-
ticles from agglomeration and growth in the same pot. This proposed mechanism 
is evidently proved by Sanaz et al. [64] and the nanoparticles are synthesized using 
plant sources as a reducing agent, and the differentiation is confirmed by physiochem-
ical characterization of both nanoparticle alone and Cs/metal nanoparticle combina-
tion. Moreover, further result of Cs/metal nanoparticle combination is providing the 
evidence that the particle size, zeta potential and morphology changed the activity 
against biofilm producing bacteria. 

Further, Cs molecules improve the metal nanoparticle behaviour and immune 
responses against pathogenic microbes. In the receptor of M and dendritic cells of 
the Cs simulated the available nanoparticles potency into the cells, and increase the 
intestinal permeability, and improve humoral and cellular immunity by increasing 
the immune cells that helped to directly kill the bacteria. Recently, Yulong et al. 
reported that the Cs nanoparticles enhance the anti-biofilm activity against various 
biofilm bacteria. In this study, Cs and its derivatives are reported as suitable carrier 
molecules for drug delivery. The biofilm matrix is the target in this study, and the 
negatively charged surface of the biofilm formation is solubilized by Cs nanoparticles 
[65] (Fig. 15.5). 

The biofilm matrix materials of polysaccharides, proteins, extracellular DNSA and 
other components are reported. Also, the detachment of biofilm structure is formed 
and more number of dead biofilm cells are produced. Importantly, the combination of 
antimicrobial drugs and DNase helps to inactivate the promoter genes in the biofilm 
cells and the biofilm matrix is disassembled and enhanced the drug nature to kill the 
biofilm cells. This new strategy of antibiotic delivery combined with Cs molecule is 
a better choice to eradicate biofilm formation and biofilm forming pathogens. The 
polymeric nanoparticle of positive charges is easily bound with negative charges of 
biofilm surface genes and easily enters into the biofilm cells. The drugs are diffused 
within the target places of biofilm cells and deactivate the biofilm signalling factors

Fig. 15.5 Mechanism of the ex-situ approach for Cs-metal nanoparticle synthesis 
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and then delivered the drugs into the biofilm matrix. In this condition, the drug is 
needed only at the lowest concentration to inhibit the biofilm formation. This new 
strategy is proposed where the cationic charges of Cs and negative charges of micro-
bial membranes are binding each other. But Cs alone could not inhibit the biofilm 
growth effectively, instead positive charged drug molecules with Cs combination 
easily penetrated into the negative charged biofilm surface and interferes with micro-
bial cells inside the biofilm. Pérez-Díaz et al. documented that the biocompatible and 
biodegradable hydrogels of Cs exhibited structural similarities with extracellular 
molecules as well as the forms stable complexes with the addition with molecules 
having excellent antimicrobial and anti-biofilm properties. For this advantage, Food 
and Drug Administration has approved Cs for use in various biomedical appli-
cations especially, antimicrobial activity, anti-biofilm activity, anti-cancer activity 
and wound dressing [66]. Rajagopalan et al. worked with Cs/Ag/ZnO nanocom-
posite against biofilm producing bacteria, and achieved the remarkable antimicro-
bial activity. In the biofilm eradication process, potential anti-biofilm activity of 
Cs/ZnO nanocomposites is acheived due to the addition of controlling amount of Zn 
salt during its preparation through sol-gel transformation. Nanocomposites formation 
using Cs is a new generation and excellent biomaterials against infectious pathogens, 
and it requires inhibiting the intracellular components of the biofilm. Also, it creates 
the inhibition of phagocytosis and inflammatory responses against various biofilm 
forming bacteria [67]. 

15.9.2 Chitosan Diminishes the Toxicity Level 
in Nanoparticles 

Recent years, the nanoparticles usage in the biomedical field has been increased 
in the entire world and is being done to enhance this efficiency compared with 
existing drugs and antibiotics. All the nanoparticles are having different biomedical 
properties in different concentrations. Most of the nanoparticles are owing to be 
aware in the environmental concern due to their toxicity. Since, more nanoparticles 
are used as a food additive, which exposes them to most of the living organisms and 
it affects significant health issues for humans. Sometimes, nanomaterials are used 
for anticancer agents as a form of light sources. It could possible to cause toxicity 
in human and there is a need to reduce the toxicity on the environment, food and 
medicine. In particular, the bioactive compounds and organic compound moieties of 
plant materials and microorganisms are the best choice to decrease the toxicity nature 
in metal oxide nanoparticles, especially secondary metabolites, proteins, amino acids, 
enzymes, fatty acids, nucleic acids, vitamins, polysaccharides and other biological 
active molecules as a format of reducing and capping agents. 

In the modern era, the essential need to fabricate readymade ecological and 
biopolymer-based metal nanoparticle encapsulation to kill infectious pathogens. In 
particular, polymer-based nanoparticles helped the metal oxide nanoparticles for
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improving the metal oxide nanoparticles. In addition, the detached effect between 
the infectious bacteria and surface of the human surface is increased by the matrix 
of the biopolymer. Then it helps to deliver the drug at the target site. The natural 
polymer encapsulated metal oxide nanoparticles are getting many advantages and 
also approaching in drug delivery research by most of the researchers in the world. 
Based on the excellent specificity and unique mechanism of drug delivery approaches, 
it is very important to inhibit the bacterial infections. Recently, the synthesis of metal 
oxide nanoparticles using biological routes are more important due to the enhance-
ment of organic compounds effect into the metal oxide nanoparticles as precursors. 
In recent years, the metal precursor methods of metal oxide nanoparticles synthesis 
using plant extract, leaves, bark, seeds, stems, seaweeds, microbes, sponges, animal 
sources are having incomparable repercussions. Biological mediated metal oxide 
nanoparticles, notably silver oxide nanoparticles, zinc oxide nanoparticles, copper 
oxide nanoparticles, graphene oxide nanoparticles possess established antimicrobial, 
anticancer and antimalarial activities in the biomedical applications. 

15.9.3 Toxicity Potential of Nanodrug Carriers 

Despite of its considerable potential, using of drug carriers based on metal and metal 
oxide nanoparticles has significant drawbacks. The use of nanoparticles can cause 
issues because of their decreased stability, propensity to aggregate, potential to release 
metal ions, or the ability to change composition by oxidizing their surface. The char-
acteristics of nanoparticles, i.e., their morphology (shape, size), chemical purity, and 
type of solvent used for dispersion medium are connected to the selection of the 
preparation method, type of functionalization, and type of biofunctionalization of 
nanocarriers, as well as their stability and aggregation susceptibility and agglomera-
tion. These factors can affect the level of cytotoxicity in the case of nanoparticles [68, 
69]. The way metal ions are produced or how they influence healthy cells, leading to 
their damage and death, are just two examples of how changes in the aforementioned 
characteristics affect the toxicity of the substance. 

Increased cytotoxicity of nanoparticles is influenced by a variety of variables, 
including delivery method and accumulation site. When modified nanoparticles are 
appropriately created, they can prolong the drug’s release without harming healthy 
cells. The size, structure, and content of nanoparticles all affect how well they interact 
with living things. The following are the key categories of parameters that influence 
nanoparticle biocompatibility and their non-toxicity. Use of metallic nanoparticles 
as carriers: the metallic nanocarriers utilized in a certain application may be harmful 
to particular cell types. On other tissues, though, they might not have the same 
impact. Depending on the duration and route of drug administration, or the half-life 
of nanoparticles, these carriers may have cytotoxic effects. Drug-carrier particles’ 
biocompatibility has an impact on how stable they are in a biological environment.
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The environment will disintegrate nanoparticles. The pH of the surrounding environ-
ment, at low levels may completely dissolve nanoparticles, blocking their function 
and promoting the migration of metallic compounds throughout the body. 

Although the exact mechanisms underlying nanoparticle cytotoxicity are 
unknown, it is thought that the ROS they produce are the main reason behind the 
cytotoxicity. If the amount of ROS surpasses the antioxidant capacity of the cell, 
biomolecules are destroyed in the processes of severe oxidation, which can become 
a direct cause of cell death. Cell defence mechanisms deal with tiny amounts of ROS. 
A three-stage model has been used to describe how ROS affect cells. Antioxidant 
enzyme activity is boosted in the initial stage to protect the cell. Inflammation results 
from the increase in pro-inflammatory cytokines in the second stage and cell death 
results from mitochondrial disturbance in the third stage. Based on the observation 
of the toxic effects of ZnO NPs on phagocytic or bronchial epithelial cells, which 
manifested in the release of lactate dehydrogenase, damage to DNA, proteins, and 
lipids, ultimately leads to death by apoptosis or necrosis [70]. 

The dispersion of ions throughout the body and discharge ofions into the environ-
ment are two of the key reasons through why the metallic nanoparticles are harmful. 
The quantity of biologically active ions produced and their accessibility for interac-
tion with the bacterial cell wall are directly correlated with the antibacterial activity 
of metal nanoparticles. For instance, AgNPs react by breaking their original structure 
and altering their original characteristics when present with sulphides and chlorides 
[71]. According to Levard et al., insoluble silver sulphides can be prepared at very 
low levels of AgNP sulphidation. This made silver less poisonous in this form, but 
it also altered its shape, which could not be good for carriers [72]. After entering 
the bloodstream, metal ions can permeate into cells, even healthy ones. Particle size, 
shape, the existence of additional surface coatings, or the environment in which they 
are found are just a few of the variables that could lead to the release of metal ions 
from nanoparticles. Cell viability is impacted by free ions, which also cause oxida-
tive stress and cytokine production [71]. The nanometallic carrier surface’s chemical 
make-up enables the development of a biocompatible covering for human body cells. 
The coatings serve two purposes: first, they prevent oxidation of the metallic cores of 
the particles; second, they enable the attachment of particular functional molecules to 
the core, such as medicines, targeting molecules, and contrast agents. Additionally, 
the hazardous activity of metal oxide nanoparticles is intimately related to the release 
of individual metal ions by dissociation method when contact with cells or biological 
fluids. It’s also crucial how nanoparticles enter the cell. When compared to nanopar-
ticles that entered the cell through a different pathway, endocytosed nanoparticles 
can harm the cell even more. It is related to the lysosomes’ acidic environment, which 
encourages the release of ions from nanoparticles. When these ions interact with the 
cytoplasm, they immediately produce oxygen radicals (superoxide radicals). 

Another issue that impacts nanoparticle stability and restricts their usage as drug 
carriers is aggregation. Brownian motion particle collisions cause particle agglomer-
ation and precipitation. Therefore, obtaining nanoparticles that are evenly dissemi-
nated and stable in the solution phase is highly desirable (especially in physiological 
serum). Increasing the repulsion between nanoparticles, which raises their colloidal
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dispersion, is one of the potential approaches. However, chemical stability in the 
biological environment is compromised in the case of nanoparticles used in biomed-
ical therapy. For instance, cancer cells’ acidic environment (pH = 6–7) might lead 
to the aggregation of many nanoparticles. However, techniques for producing stable 
nanoparticles at neutral or acidic pH levels are also known. In order to enhance the 
interfacial properties of the particles, Shakiba et al. produced Au NPs with good 
stability under acidic circumstances by forming a self-assembled monolayer. The 
development of an aqueous layer surrounding the particles leads to increased stability 
and has improved particle dispersion in the biological medium [73]. 

Particles smaller than 30 nm are utilized for aesthetic and marketing purposes to 
achieve transparency in tanning UV protection lotions and creams, where both ZnO 
and TiO2 are extensively used. Given the extremely small particle size, it should be 
taken into account that nanoparticles might penetrate the skin’s surface layers and 
enter living cells. Fortunately, investigations carried out in vitro and in vivo in this 
case which clearly shows that these nanoparticles did not penetrate into the deeper 
layers of the skin [74]. Inhalation and oral ingestion are two further ways, in addi-
tion to skin exposure, that nanoparticles can enter the human body. Once within, 
nanoparticles can quickly move to many organs and parts of the body. They can 
also easily penetrate cells via phagocytic and endocytic pathways. ZnO nanoparti-
cles given orally to mice eventually reach the liver, heart, spleen, pancreas, and bone, 
according to Wang et al. They also observed that when the dose of the 20 nm nanopar-
ticles increased, the harmful effect on the mouse body decreased. As a result, careful 
consideration should be given to oral exposure to tiny dosages of ZnO NPs [75]. 
The absence of pertinent experimental and theoretical data is an undeniable restric-
tion when using metal nanoparticles and metal oxides. In a relatively short period 
of time, nanoparticles have grown in prominence as drug carriers. Given the impact 
of metallic nanoparticles on organisms after prolonged use, knowing the biological 
compatibility of nanoparticles currently requires ongoing research [69] (Table 15.2).

There are numerous ways to stop or restrict the hazardous effects of metal oxides 
and nanoparticles. The production of nanoparticles with the necessary qualities 
without hazardous effects can be achieved by altering the shape, size, and tech-
niques to modify their surface [76]. Drug delivery nanoparticles are exposed to a 
physiological medium that contains a lot of salt and different proteins. These two 
elements have an impact on the stability of nanoparticles. While proteins are adsorbed 
on the surface of nanoparticles, changing their size and surface charge, and high salt 
concentration lower the electrostatic repulsion between the nanoparticles, causing 
them to aggregate [77]. For these materials to be used safely in biomedical diagnos-
tics and therapy, it is essential to understand how nanoparticles behave in the actual 
systems and their potential interactions with biological systems.
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Table 15.2 Cs diminishes the toxicity level of metal oxide nanoparticles in the combination, and 
enhances the anti-biofilm activity against various pathogens 

S. no. Metal oxide 
nanoparticles 

Concentration Cs/metal oxide 
nanocomposites 

Concentration Toxicity 

1 Ag NPs 32 µg/mL Ag NPs-Cs NCs 62.5 µg/mL Confirmed 
against bacteria 

2 Au NPs 1000 µg/mL Au NPs-Cs NCs 250 µg/mL Confirmed 
against bacteria 

3 ZnO NPs 128 µg/mL Cs-ZnO NCs 32 µg/mL Confirmed 
against bacteria 

4 Fe2O3 140 µg/mL Fe2O3-Cs NCs 3.12 µg/mL Confirmed 
against bacteria 

5 Graphene NPs 70 µg/mL G-Cs NCs 40 µg/mL Confirmed 
against marine 
bacteria 

6 CuO NPs 60 mg/ml CuO-Cs 60 mg/mL Confirmed 
against 
styrofoam 

7 ZnO NPs 50 mg/ml Cs-ZnO NCs 0.625 mg/mL Confirmed 
against bacteria 

8 Cs NPs 125 µg/mL Cs-TiO2 3.9 µg/mL Confirmed 
against bacteria 

9 Ag NPs 80 µg/mL Cs-Ag NPs 80 µg/mL Confirmed 
against marine 
shrimp 

10 EOs 500 µg/mL Cs-EOs 100 µg/mL Confirmed 
against bacteria

15.9.4 Conclusion 

Cs is an excellent biopolymers to enhance the applicability of metal and metal 
oxide nanoparticles for eradicating bacterial infections, especially biofilm eradica-
tion. Cs helps the metal oxide nanoparticle surface to attract the negatively charged 
biofilm producing bacterial surface by electrostatic interaction. In addition, Cs also 
helps metal and metal oxide nanoparticles to increase their efficiency and long term 
stability on target sites. Further, Cs acts as an excellent biocompatibility and toxic 
free carrier molecules due to the chemical and structure similarities with metal and 
metal oxide nanoparticles. The toxicity reduction effect of Cs mediated metal oxide 
nanocomposite materials is effectively proved against marine shrimp and buffer fish 
model. Altogether, the current chapter deals with the role of Cs that enhances the 
anti-biofilm activity with reduced toxicity. 
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Chapter 16 
Chitosan Nanocomposites as Scaffolds 
for Bone Tissue Regeneration 

Fouad Damiri, B. H. Jaswanth Gowda, Swetha Andra, Satheeshkumar Balu, 
Satish Rojekar, and Mohammed Berrada 

Abstract The concept of bone tissue engineering for the treatment of significant 
bone abnormalities becomes essential when tissue damage exceeds the human body’s 
intrinsic regenerating potential. Over the course of the last decade, an extensive range 
of biodegradable polymers and scaffolding methods have been produced. Chitosan 
(CS) is an excellent material to be used as a scaffold in bone tissue engineering 
because it can promote cell adhesion, cell growth, and bone matrix mineralization. 
The presence of primary amino groups in CS are responsible for its unique charac-
teristics, including mucoadhesion, transfection, in situ gelation and regulated drug 
release. Scaffolds made from CS that are sensitive to their surroundings have been 
shown to be effective in delivering drugs locally and over the long term to massive 
bone defects.

F. Damiri (B) · M. Berrada 
Laboratory of Biomolecules and Organic Synthesis (BIOSYNTHO), Department of Chemistry, 
Faculty of Sciences Ben M’Sick, University Hassan II of Casablanca, Casablanca 20000, Morocco 
e-mail: fouad.damiri@outlook.fr 

B. H. J. Gowda 
Department of Pharmaceutics, Yenepoya Pharmacy College & Research Centre, Yenepoya 
(Deemed to Be University), Mangalore, Karnataka 575018, India 

S. Andra 
Department of Chemistry, Rajalakshmi Institute of Technology, Chennai, Tamil Nadu 600124, 
India 

S. Balu 
Department of Oral Pathology, Saveetha Dental College and Hospitals, Saveetha Institute of 
Medical and Technical Sciences, Chennai, Tamil Nadu 600077, India 

S. Rojekar 
Department of Pharmacological Sciences, Icahn School of Medicine at Mount Sinai, New York, 
NY 10029, USA 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
S. K. Swain and A. Biswal (eds.), Chitosan Nanocomposites, 
Biological and Medical Physics, Biomedical Engineering, 
https://doi.org/10.1007/978-981-19-9646-7_16 

377

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-9646-7_16&domain=pdf
mailto:fouad.damiri@outlook.fr
https://doi.org/10.1007/978-981-19-9646-7_16


378 F. Damiri et al.

16.1 Introduction 

Bone tissue has a complex hierarchical structure as a dynamic living tissue. Bone 
serves several key tasks in the body, which includes structural integrity, shields key 
organs from impact, and allows for steady blood flow to nourish the bone marrow 
[1–3]. Bone has the innate ability to repair itself over the course of time, if there 
is little trauma or deficiency [4, 5]. However, there are cases when the critical-size 
bone lesion is formed by accident or trauma, and it is difficult to perform adequate 
healing of bone tissue defects spontaneously. It is a severe physiological worry to 
repair this kind of injury [6, 7]. Furthermore, external transplantable implant-based 
drugs are employed in clinical settings to treat greater or severe bone damage or 
abnormalities. In general, most individuals accept this kind of implant well, and 
there have been no severe adverse effects or immunogenic responses. However, 
only a small number of individuals are immunogenic, and the contamination from 
a second operation makes it hard to use them widely [8]. Moreover, bone tissue 
engineering (BTE) comprises major parts that include cells, scaffolds, and growth 
factors that attain excellent bone simulations and overcome the problem with the 
existing problem with transplantations mentioned earlier. However, conventional 
tissue engineering methods are unsuitable for treating this kind of defect because 
they are time-consuming and inconvenient. Tissue harvesting, cell separation, ex-
vivo co-culture on a scaffold, and two invasive surgical procedures are all part of the 
process [8–10]. It is always preferable to the host’s endogenous healing ability since it 
regenerates and cures bone defects without any adverse response or immunogenicity; 
hence, facilitated endogenous bone tissue engineering (FEBTE) has therefore been 
recommended as the most practicable technique for direct bone formation [11, 12]. 
Most crucially, unlike BTE, it requires no ex-vivo cell culture of autologous cells, 
hence avoiding the risky invasive medical operation [13]. However, if the same 
reparative impact as BTE is sought, the FEBTE approach often employs bioactive 
scaffold, which in-situ stimulates the inherent regeneration capacity of native bone 
tissue and promotes bone formation and tissue healing. Therefore, the material and 
composition of the scaffold are of utmost importance, and the bone-like morphology 
is essential for loading endogenous stem cells and growth medium into the injured 
region of the host [3, 14]. 

Scientists have prepared several metals and polymer based implants (titanium 
and polymethyl acrylate) with the help of implant-based techniques. However, host-
material interactions and biosafety of this method are challenging; another chal-
lenge is the surgical insertion and related infections [15, 16]. Therefore, scien-
tists further focused on natural and biodegradable materials, which would help to 
reduce the side effects and limitations of the existing technologies. Natural poly-
mers include hyaluronic acid, bacterial cellulose, and silk firoin etc. These materials 
are biodegradable, biocompatible, nonimmunogenic and fulfil the requirements of 
in-vivo transplantation [17, 18]. Still, this material is not that efficient for this kind 
of application and has some limitations. Hyaluronic acid (HA) faces the issue of 
low mechanical strength and difficult purification during manufacturing; cellulose
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has poor biodegradability, and fibroin is not easily accessible. Therefore, this limits 
the applicability of these materials in BTE. Thus, it is of the utmost importance to 
identify the most appropriate biocompatible and easily accessible material for the 
advancement of BTE [19, 20]. 

Bone defects are a serious concern and require grafts to promote healing; this is 
a costly problem in healthcare management. CS is a naturally occurring mucoadhe-
sive biodegradable biopolymer [21] and is primarily produced from the exoskeleton 
of marine crustaceans. It has considerably attracted attention in recent years as a 
scaffolding biodegradable material for bone regeneration/regenerative medicine and 
tissue engineering because it has a molecular structure and biological activity like 
the bone extracellular matrix. When it comes to bone scaffolds, CS stands out as a 
magnificent biopolymer that facilitates adhesion, promotes osteoblast cell growth, 
and mineralization of bone matrix [22–28]. 

CS has excellent biocompatibility, biodegradability, and nontoxicity, which 
is broadly used in bone repair and regeneration [3, 29, 30]. The hydrophilic properties 
of CS, on the other hand, could promote better cellular attachment and proliferation 
on the scaffold interfaces and surfaces [31, 32]. Moreover, CS chemistry is fasci-
nating because the abundant hydroxyl and amino groups on its surface which are 
amenable to chemical modification and would result in the efficient generation of 
polymeric materials [33, 34]. Crosslinking CS with collagen would increase the 
scaffolds’mechanical strength and porosity, making them ideal for supporting the 
proliferation of MC3T3-E1 cells [35]. By raising the concentration of HA nanopar-
ticles, CS/hydroxyapatite-based smart material composite may be able to encourage 
the outstanding osteogenic differentiation of hMSC [36]. Osteogenesis might be 
aided by a CS-based scaffold, which serves as a carrier to efficiently regulate the 
delivery of osteo inductive substances such proteins, peptides, and medications [37– 
40]. Biomineralization is very essential for bone health and development; CS is highly 
used and combined with the other molecules and could help in bone mineralization 
[41]. CS mineralization template could induce in-situ crystallization of the inorganic 
functional bioactive materials like magnetic ferric tetroxide and hydroxyapatite [3, 
40]. Also, chitosan could be easily modified and used for developing several types 
of thermos-sensitive-gels/hydrogels and microneedle-based drug delivery in bone 
repairs and therapeutics [42–45]. Therefore, CS-based scaffolds are a viable choice 
in endogenous bone defect repairs and regenerative medicine and therapies due to 
their high processability and designability. 

16.2 BTE Scaffolds 

Designing scaffolds that may be implanted into the body and aid in bone regeneration 
is an important part of bone tissue engineering. BTE scaffolds let osteogenic stem 
cells to adhere and offer a favourable conditions for cells to develop and cause regen-
eration of new bone; this is essential since cells alone cannot grow in 3D. Ceramic, 
metal and polymer scaffolds are the three major categories of scaffolds based on their
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Fig. 16.1 The percentage of different types of pure biomaterials as well as their composite materials 
that are used in BTE applications. Reproduced with permission from MDPI [47] 

primary constituent materials [8, 46]. The Web of Science® database for the years 
2017 to 2021 has 7915 articles. These articles demonstrate that polymer scaffolds 
continue to be the most advanced, following ceramic scaffolds that are combined 
with polymer scaffolds to produce hybrid scaffolds (Fig. 16.1). 

16.3 Bone Repair Strategies 

16.3.1 Traditional Bone Tissue Engineering 

Despite the fact that auto/allogeneic transplants, the gold standard in the healthcare 
setting, have been shown to be effective in repairing critical sized bone lesions and 
their broad adoption is hampered by a lack of donors, immunological concerns, 
and the danger of infection associated with second surgical surgery [48, 49]. In 
the last 30 years, BTE has been widely embraced as a viable solution to the prob-
lems inherent in auto/allogeneic transplants [50]. The BTE approach may be broken 
down into its three primary components: a scaffold, cells, and growth regulators. 
Figure 16.2 depicts the first step of the process, the separation and collection of 
autologous target tissues, followed by the revival and multiplication of stem cells in 
specialised culture apparatus. The cells are grown to a suitable quantity, and then 
planted onto a prefabricated scaffold for in vitro co-culture. Furthermore, favourable 
circumstances are maintained by the constant addition of growth stimulants and 
nutrients. This process culminates in the implantation of the newly developed tissues 
into the patient’s lesions, where they may interact with the host tissue and stimulate 
in vivo repair of the damaged tissue [51–53].
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Fig. 16.2 A comparison between two approaches towards the regeneration of bone. Traditional 
bone tissue engineering (BTE) requires tissue harvesting, cell separation, and co-culturing with a 
scaffold that is grown outside of the patient’s body, but facilitated endogenous bone tissue engi-
neering (FEBTE) eliminates these time-consuming and potentially dangerous steps by employing 
a biologically active scaffold. Reproduced with permission from MDPI [3] 

16.3.2 Facilitated Endogenous Bone Tissue Engineering 
(FEBTE) 

In order to prevent BTE from becoming a costly treatment and reserved primarily for 
the rich, the challenges posed by its complexities and high price should be resolved. 
To be more specific, in order to replace labor-intensive manufacturing processes, 
researchers need to design massive production platforms that are automated and 
can be replicated. Due to the organism’s inherent capacity for repair, the physio-
logical surroundings are used as a bioreactor in order to streamline the laborious 
BTE procedure and, eventually, accomplish in situ bone restoration. As a result, the 
methodology known as FEBTE came into existence [11]. 

In contrast to BTE strategy, FEBTE strategy is a new practical method that makes 
an effort to get rid of procedures that are laborious, time-consuming, and costly. 
These processes include tissue harvest, cell separation, and ex-vivo co-culture with a 
scaffold. Intriguingly, all that is required to implement this method is the placement 
of a pharmacologically active scaffold into the bone defect areas in order to begin



382 F. Damiri et al.

Fig. 16.3 CS is extracted from crustacean shells and applied to the design of bone repair scaffolds 
through various functionalization strategies. Reproduced with permission from MDPI [3] 

the natural process of repairing the damaged tissue (Fig. 16.2). The scaffold operates 
as a “force of gravity” that draws in and favourably promotes natural stem cells 
and growth regulators to the injured location. This, in turn, stimulates stem cell 
proliferation and osseointegration, which ultimately results in the healing of bone 
defects [14]. In light of this, the FEBTE technique has been able to garner a lot of 
interest in the realm of scientific research [54, 55]. This is primarily attributable to 
the fact that it is both practical and economical. Constructing a bone healing scaffold 
that has outstanding osteoinductivity is the element that stands out as being the most 
critical and crucial among them. 

16.4 Structure and Properties of Chitosan 

The potential of CS as a scaffolding material in BTE has generated a great deal 
of considerable interest. It can produce an intricate pore structure and has a negli-
gible response to foreign substances. CS is a naturally occurring polymer of crys-
talline amino polysaccharides. It is produced by enzymatic N-deacetylation of chitin, 
a component of the exoskeleton of crustaceans (Fig. 16.3). The varied biological 
features of CS and its derivatives are determined by their molecular weight as well 
as the degree to which they have been deacetylated. The CS crystal structure may be 
broken down into three distinct sorts, such as α, β and γ types. The most prevalent 
of these three varieties is α type. A primary hydroxyl group, an amino/acetamido 
group, and a secondary hydroxyl group are located at C-2, C-3, and C-6, respectively,



16 Chitosan Nanocomposites as Scaffolds for Bone Tissue Regeneration 383

in CS. The make-up of the amino group is the primary determinant that decides the 
structures and physicochemical characteristics of these compounds. 

16.4.1 Physicochemical Properties 

Due to the presence of hydrophobic (–NH2) groups and hydrophilic (–OH) groups, 
the cationic character of CS has aroused substantial attention as a biomedical mate-
rial in BTE. These functional groups help in enhancing degradation rate, biocompat-
ibility, and bioadhesion capability. CS has various physical, chemical and morpho-
logical features due to the diverse degree of acetylation (ranging from 50 to 95%) 
along with their varying molecular mass. In the process of deacetylation, the acetyl 
groups that are found on the side chains of chitin are removed. This allows the amino 
groups to be exposed by subjecting the chitin to an alkaline treatment. It is vital to 
have an exact estimation of the degree of acetylation for the swelling behaviour of the 
matrix and the release of protein molecules that are caused by interactions between 
hydrophobic and hydrophilic groups. This also has an impact on the crystallinity and 
degradation rates of the substance. Therefore, high crystallinity in nature is expressed 
by having chitin that is 0% deacetylated and CS that is 100% deacetylated. In the 
same breath, the nature of the other varied intermediate degrees of acetylation reveals 
itself to be semi-crystalline. However, there are drawbacks, such as insolubility in 
water, high viscosity, and a propensity to coagulate with proteins when the pH is 
high. The alteration of the side chains of CS results in the production of a wide variety 
of derivatives that have uses in biomedicine. A self-cross-linked biomaterial attached 
on a CS backbone that carries amino and aldehyde moieties has been developed by 
Fouad et al. [56]. 

16.4.2 Biological Properties 

CS has a broad variety of biological effects and has anti-cancer properties which 
can be used to treat a variety of medical conditions, including bone formation, wound 
repair. In the log phase as well as the stationary phase of bacterial growth, it has potent 
antibacterial action. CS is associated with exceptional haemostatic properties, an 
increase in the infiltration and movement of neutrophils and macrophages, and assists 
in the production of granulation tissue, which makes it possible for re-epithelization 
and fibrous tissue to occur [57]. It has the ability to break through the membranes 
of cancer cells and exhibits anticancer actions through immunological, antiangio-
genic, enzymatic, antioxidant defence, and apoptotic pathways inside the cell [58]. 
Antioxidant activity is one of the best-known characteristics of CS, which is a char-
acteristic that demonstrates redox regulation action in biological systems. The use 
of CS in BTE has a number of inherent drawbacks, the most significant of which
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are its decreased mechanical stability and osteoconductivity. As a result, it is crit-
ical to either modify CS or build bio-composites based on CS using one or more 
biocompatible materials such as polymers or ceramic. In a similar vein, in order to 
circumvent the problem of CS low solubility and boost the efficacy and efficiency of 
drug delivery, a variety of scaffolds are currently being developed and researched to 
achieve therapeutic agents by merely modifying their morphological and functional 
components [28, 56]. The degree to which CS has been deacetylated not only affects 
the physical and chemical characteristics of the material, such as degradation rate, 
crystallinity, hydrophilicity, surface charge, and tensile strength, but it also impacts 
the physiological reaction to biomaterials [59, 60]. 

16.5 Fabrication of Chitosan-Based Scaffolds 

CS is an inexpensive, biocompatible, osteoconductive polymer that has been used 
in the development of therapeutic agents-loaded scaffolds for the treatment of bone 
tissue regeneration [61, 62]. However, the physiochemical and biological proper-
ties of scaffold, such as porosity, mechanical strength, biocompatibility, interaction 
with bone tissue, and delivery of therapeutic agents throughout the post-implantation 
healing period (sustained release) have been dramatically affected by their method 
of preparation [63, 64]. As a result, the use of an appropriate fabrication approach is 
absolutely necessary in order to produce ideal CS-based scaffolds that have a high 
capacity for the regeneration of bone tissue. The following sections will provide 
more information on some of the synthesis methods that are utilised most frequently 
in the process of developing CS-based scaffolds. These methods include phase sepa-
ration, lyophilization, particulate leaching, electrospinning and 3D printing/rapid 
prototyping, respectively. 

16.5.1 3D-Printing/Rapid Prototyping 

3D printing is an emerging strategy that has taken part in numerous biomedical appli-
cations. It is also called rapid prototyping and additive manufacturing technique [65]. 
Unlike conventional techniques, 3D printing provides tailorable CS-based scaffolds 
with desired porosity and mechanical strength, which could encourage personalized 
medicine with relatively less cost. In addition, this technique can print scaffolds with 
micron-scale precision [63]. Coming to fabrication process, the starting point of 3D 
printing is a computer-aided design (CAD), which directs the printing machine to 
fabricate the desired scaffold layer-by-layer. Photopolymerization-based technique, 
i.e., stereolithography (SLG), is a type of 3D printing that involves the fabrication of 
scaffolds using photon-curable liquid polymers. These polymers are systematically 
irradiated according to the CAD model to initiate crosslinking, leading to the devel-
opment of photocured material. However, the photoinitiators and photoabsorbers in



16 Chitosan Nanocomposites as Scaffolds for Bone Tissue Regeneration 385

the liquid polymer determine the degree of polymerization [66, 67]. Fused deposi-
tion modelling (FDM), another kind of 3D printing based on extrusion, is widely 
utilised for the fabrication of customised scaffolding. This technique involves melt 
extrusion of beads, sheets, filaments, or wires into geometrical structures according 
to the command of the CAD model [68–70]. However, the main drawback of this 
technique is that it can print well using thermoplastic polymers like polylactic acid 
(PLA). Therefore, a study was developed by PLA-CS composite-based 3D-printed 
scaffold with good porosity and mechanical strength for efficient bone tissue gener-
ation [71]. Another study conducted by Cabral et al. who prepared a composition 
of gelatin, tricalcium phosphate, graphene oxide, and CS, was further utilized to 
print 3D scaffolds of the greatest mechanical strength. The prepared CS-composite 
scaffold exhibited excellent bone regeneration [72]. In this regard, 3D printing is 
a well-known technique for developing robust CS-based bone tissue regeneration 
scaffolds. 

16.5.2 Electrospinning 

Electrospinning is a low-cost and efficient strategy to fabricate micro/nanofibrous 
structures by applying an electrostatic force to the polymer solution. Electric current 
draws charged threads from polymer solution to a fibrous state [73, 74]. The electro-
spinning setup is comprised of three basic parts, i.e., grounded collector, spinneret, 
and DC voltage. Initially, CS is dissolved in a suitable aqueous solution (acetic acid, 
lactic acid, etc.) to yield CS viscous solution. Further, the CS solution is loaded into 
a syringe pump. Upon application of high voltage, the CS solution creates a repul-
sive force, making CS droplet form a conical structure called a Taylor cone. Further, 
it has been extruded from the Taylor cone to the grounded collector. Meanwhile, 
depositing in a grounded collector, the solvent evaporates, making the CS stretch 
and form a fibrous mat/scaffold [64]. However, the overall electrospinning process 
can be significantly affected by specific parameters such as applied voltage, distance 
between the collector and the needle and CS concentration. In order to improve the 
mechanical properties of CS scaffold, Singh et al. developed monetite nanoparticles 
(MNPs) imbibed CS scaffolds via electrospinning technique [75]. It was found that 
the addition of 7% MNPs enhanced the tensile strength of CS scaffold from 6 to 
12 MPa. In addition, the MNPs imbibed scaffolds improved the cell attachment, 
distribution, and mobility of cells in the MG-63 osteoblast cell line, followed by 
enhancing their proliferation compared to pure CS scaffold. Toullec et al. investigated 
the curdlan and chitosancomposite-based electrospun scaffold for bone regeneration 
[76]. Curdlan is a polysaccharide with a demonstrated bone regeneration history by 
helping mesenchymal stem cell adhesion. The scratch assay endowed that the devel-
oped curdlan/chitosan composite scaffold expressed immunomodulatory features by 
increasing cell migration. Overall, electrospinning is a simple and low-costmethod 
to fabricate CS-based scaffolds for bone regeneration.
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16.5.3 Particulate Leaching 

Particulate leaching is the widely used technique for producing polymeric scaffolds 
with optimum pore size. In this technique, the porogen is homogeneously mixed in 
CS solution and cast onto the mould. Further, the solvent from CS solution is evap-
orated or lyophilized, leaving behind the CS matrix and porogen. Finally, the CS 
matrix containing porogen is washed with ethanol to leach out porogen, resulting in 
porous CS scaffolds. Some commonly used porogens are sodium chloride, sodium 
acetate, and sodium citrate. The CS scaffold pore size may also be changed by altering 
the concentration of the porogen. Studies have reported that CS scaffold fabricated 
using 90% salt concentration resulted in enhanced pore interconnectivity, cell prolif-
eration, and superior mechanical properties [77, 78]. The major drawback of the 
particulate leaching technique is that most of the loaded drug is eliminated from the 
scaffold during porogen removal process. However, to overcome this disadvantage, 
many studies have reported combining the particulate leaching technique with other 
techniques such as freeze-drying, compression moulding, and gas foaming [64]. 

16.5.4 Phase Separation and Lyophilization/Freeze-Drying 

Phase separation and lyophilization is a well-known scaffold fabrication technique. 
This technique utilizes different solubilizing abilities of polymers in the solvent. 
Firstly, CS solution is prepared using an acetic acid solution, followed by casting it 
on the respective mould. Further, CS solution is freeze-dried to yield ice crystals. The 
formed crystals are phase separated from CS acetate salt, followed by undergoing 
sublimation during the freeze-drying process to obtain CS scaffold. Finally, ethanol 
or sodium hydroxide is used to hydrate CS scaffold [79]. Some common parameters 
that affect the pore homogeneity and porosity of the scaffold are CS concentration, 
solvent composition, solvent type, freezing rate, temperature, etc. Reduced freezing 
temperature has been proven in studies to lower the pore size while increasing pore 
homogeneity and interconnectivity in scaffolds. A notable benefit of this technology 
is that it may be done at extremely low temperatures; due to this, many biomacro-
molecules and other thermolabile drugs can be easily loaded into CS scaffolds without 
affecting therapeutic activity [63]. 

16.6 Mechanism of Drug Release from Chitosan-Based 
Scaffolds 

The scaffolds prepared using CS release drugs in four different ways, such as by 
diffusion, erosion, swelling and stimulation of the entrenched system. Diffusion-
controlled release refers to the process in which a drug is discharged from a drug
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carrier by permeation from the system’s interior to the environment around it. Hydro-
gels containing polymer chains, release medicines by diffusion when subjected 
to a concentration gradient. The CS-graft-poly (acrylic acid-co-acrylamide)/Hap 
nanocomposite scaffold that was developed does the majority of its releasing of 
celecoxib via the processes of diffusion and erosion. The term “swelling” refers to 
the process through which the polymer system absorbs substances, which ultimately 
results in increase in volume. Because the drug-loaded scaffold is in close interaction 
with the bodily fluid, swelling may sometimes be a prelude to polymer disintegration. 
This can influence the rate at which drugs are released from the scaffold. Regener-
ation of craniofacial bone abnormalities is an important topic in the area of bone 
tissue regeneration, according to Yousefiasl et al. Due to this, innovative methods of 
therapy have been developed, such as tissue engineering that makes use of porous 
scaffolds [80]. 

The degradation of the drug-loaded scaffold is linked to the loss of material 
that occurs as a result of the monomers and oligomers being dissociated from the 
polymer. When the polymer hydrogels in the marginal areas begin to deteriorate, 
erosion takes place, which ultimately leads to the release of the medication that was 
entangled. Gentile et al. integrated simvastatin-loaded poly-(dl-lactide-co-glycolide) 
acid microparticles onto CS-gelatin scaffolds. They were capable of achieving a 
slower localised release of the medication simvastatin by gradual erosion of micro-
spheres. Stimuli-responsive drug delivery systems are sensitive to their surrounding 
environments. These systems can react to physiological stimuli such as ATP, pH, 
enzyme, glucose, redox and H2O2 as well as to physical stimuli such as heat, light, 
magnetization, ultrasound, and electricity (Fig. 16.4) [81]. According to El-Husseiny 
et al. the process of repairing bone abnormalities is a lengthy, self-healing procedure 
that is dependent on tissue modelling and remodelling. However, the capability of 
this treatment is restricted, particularly for treating critical-sized bone deficiencies 
without use of bone augmentation. As a result, BTE, which involves the implemen-
tation of therapeutic procedures that combine biomolecules, bioinspired scaffolds, 
and cells, plays a pivotal role in this line of research. SSRHs, also known as smart 
and stimuli-responsive hydrogels, are excellent examples of 3D biocompatible poly-
meric materials that may be used for tissue regeneration and other applications in 
the medical field. They are able to simulate the natural tissues in a variety of biolog-
ical, mechanical and physicochemical aspects. In addition to this, they provide a 
3D design, an abundance of aqueous conditions, and mechanical stability which are 
essential for cell development [82]. CS-based pH-sensitive nanocomposites devel-
oped by Amiryaghoubi et al., for the targeted administration of doxorubicin (DOX) 
to osteosarcoma cells. The CS was functionalized using succinic anhydride (SA) so 
that it could be used in the preparation of the nanocomposite (CS-SA). The forma-
tion of CS-folic acid (FA) conjugates was achieved by the formation of an amide 
link between CS and FA during the conjugation process. Next, Fe3O4 magnetic 
nanoparticles ferrofluid was produced, and the nanocomposite was made utilising 
magnetic nanoparticles. Additionally, CS–SA/CS-FA and CS–SA were synthesised 
by the formation of an inclusion between the hydroxyl groups of Fe3O4 and –COOH
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Fig. 16.4 Schematic representation of different smart/stimuli-reactive hydrogels used for different 
biomedical applications. Reproduced with permission from Elsevier [84] 

groups of CS-SA. Lastly, DOX molecules were included into the nanocomposites 
[83]. 

16.7 Chitosan Based Scaffolds as Drug Delivery Systems 

The purpose of drug delivery systems is to transport a wide range of medications to 
the appropriate sites of absorption in order to enhance the physiological effects of 
the medication [60]. In addition to this, they circumvent problems associated with 
hydrophobicity, poor solubility, reduced bioavailability, drug agglomeration, and 
lack of specificity. Since CS is cationic, it makes regulated drug release, adhesion, 
in situ gel formation, transfection, improved permeability, and efflux pump inhibitory 
actions [64, 85]. All of these features make CS-based scaffolds a promising choice to 
transport therapeutic substances to the defect location in a targeted and regulated way. 
The method of loading, the extent to which the scaffold can be broken down, as well 
as the amount of drug present decide the effectiveness of drug release profile. BTE 
employs both scaffold-based and scaffold-independent drug delivery strategies [85]. 
The adverse effects and danger of overdose associated with systemic administration 
are avoided when a medication is supplied locally through scaffolds, and an appro-
priate concentration of the medicine reaches the target location more efficiently and



16 Chitosan Nanocomposites as Scaffolds for Bone Tissue Regeneration 389

effectively during the healing phase. Various ways for delivering particular medicines 
and tiny bioactive compounds using CS-based scaffolds to enhance bone regeneration 
have been explored [86]. 

16.8 Cytotoxicity Assessments on Chitosan Based Scaffolds 

The toxicity of CS-based scaffolds to use for osteogenesis must be evaluated, and 
numerous characteristics, including membrane stability and mitochondrial function, 
must be examined. In addition, the cellular microenvironment present on the scaffold 
is a significant contributor to the pro-regenerative capacity of the biocompatible mate-
rial. The cytotoxicity and biocompatibility of CS and CS-based scaffolds have been 
investigated in a number of research studies, and the findings of these studies point to 
the non-toxicity and biocompatibility of these scaffolds under both in vitro and in vivo 
settings. Patel et al. developed a versatile CS/CNCs hydrogel scaffold by infusing 
varying concentrations of CNCs into a CS hydrogel [87]. When compared to pure 
CS hydrogel scaffolds, CS/CNCs shown a significant enhancement in mechanical 
strength. In the presence of bone marrow-derived mesenchymal stem cells, the cyto-
compatibility of the scaffolds was assessed. CS/CNC hydrogel scaffolds improved 
cell survival and nutrient uptake over pure CS hydrogel scaffolds. 

16.9 Conclusion 

In recent years, there has been a lot of research directed toward CS-based scaf-
folds that are used in drug delivery systems. Scaffolds made from CS have the 
potential to distribute drugs in a way that is maintained, extended, and regulated. 
Small biologically active molecules, such as nutrients, genetic material, polyphe-
nols, antibiotics, statins, bisphosphates, and anti-inflammatory molecules, could be 
infused, entrapped, and adsorbed onto the desired CS scaffolds to deliver synergistic 
impacts. These effects will increase bioactivity, and bone regeneration properties. 
In addition, scaffolds made entirely of CS have certain weak mechanical qualities 
and a quick rate of deterioration. Therefore, CS might be encapsulated in bioactive 
ceramics in order to improve its compressive strength, successfully managing its 
porosity, water-holding capacity, biodegradation rate, and increasing its mechanical 
characteristics. In the future, the resolution of all of these obstacles might make it 
possible for SC-based scaffolds to play a major role in drug delivery and bone regen-
eration and could make it easier for this technology to establish itself in the area of 
biomedical applications.
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Chapter 17 
Challenges and Future Perspectives 
of Chitosan Nanocomposites 
for Bionanomechanical Applications 

Sarat Kumar Swain 

Abstract Despite easy availability, biocompatibility, biodegradability and nontoxic 
nature of chitosan it is not fully accepted for designing of smart devices because of 
the presence of lots of critical challenges in its strength, stability, processability, 
etc. Although, the stability is somehow achieved by making its nanocomposite with 
reinforcement of nanoparticles still numerous constraints need to be addressed to 
make it in the way of sustainability. The present chapter reveals different challenges 
of chitosan-based nanocomposites specifically for bionanomechanical applications. 
Future perspectives regarding different applications of chitosan bionanocomposites 
are also established in this chapter. 

17.1 Challenges in Chitosan Nanocomposite 

Chitosan is not getting its deserved attention to meet the global slogan of a green, 
economic and sustainable world. Although, chitosan is the second easily available 
material but its area of research is limited to laboratory with a big gap from prospec-
tive industrial applications. It is because of lots of unsolved challenges in generating 
chitosan in the front range of future sustainable materials as chitosan nanocompos-
ites, which are depicted in Fig. 17.1. These challenges can be overcome by interacting 
chitosan with nanoscale materials as the potential filler in the composite. However, 
the transfer of these chitosan-based nanocomposites from laboratories to pilot scale 
production and its utility to community is still a huge challenge. Nowadays industries 
are afraid of the production of chitosan and its nanocomposite in term of risk in devel-
opment of products and acceptability in market with viable cost-effectiveness and 
processability. Therefore, researchers have focused on the development of designing 
more industrially acceptable and economically synthesized chitosan-based mate-
rials. Its biocompatibility, biodegradability, non-toxicity, antibacterial and antifungal
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Fig. 17.1 Challenges in 
nanocomposite 

properties have given significant research attentions towards producing chitosan-
based nanocomposites for biomedical applications such as tissue engineering, drug 
delivery, wound dressing, gene therapy, and cancer treatment. It is interesting that 
chitosan contains primary amine groups which are responsible for its versatile proper-
ties such as controlled release, cationic nature, antimicrobial, in situ gelation, micro 
adhesion etc. The present section mainly targets the challenges of chitosan-based 
nanocomposites specially for bionanomechanical applications. 

Chitosan has excellent film forming properties, but it is a big challenge for food 
packaging industries to use it as packaging material because chitosan is insoluble in 
water and highly pH specific. This is due to its high molecular weight and typical 
structural arrangement. Hence, chitosan has low mechanical strength as individual 
but achieves somehow its mechanical strength in form of its nanocomposites. There 
is a big challenge in its stability which can be overcome by applying different 
environmental factors such as pressure and temperature. Sometimes it requires a 
proper stabilizing agent and blending agent or ionic agent to acquire proper stability. 
Numerous internal and external factors such as degree of deacetylation, purity, molec-
ular weight, humidity and processing methods including thermal, physical, and ster-
ilization factors are responsible to determine the stability of chitosan. The external 
and internal factors affecting the stability of chitosan are schematically represented 
in Fig. 17.2. Chitosan cannot resist high temperature even till 200 °C. Hence, thermal 
stability of chitosan is a big challenge. The dispersion of nanostructured material in 
chitosan polymeric backbone creates strong interfacial adhesion between the surface 
of chitosan and filler by which the thermal stability somehow increased which still 
needs to be improved by reinforcement of other potential materials.
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Fig. 17.2 Factors affecting the stability of chitosan 

It is critically analysed that most of the synthetic processes related to chitosan-
based materials is hardly reproducible which may be due to versatile change in the 
properties of chitosan and its high dependence upon the processability conditions. 
Further, the storage of chitosan needs low temperature under 5 °C because of signif-
icant chain hydrolysis at room temperature. On other hand, storage of nano chitosan 
is even more difficult as it requires less than 2 °C, or else it may cause possible 
agglomeration. Besides this optical, and electrical properties of chitosan-based 
nanocomposites are scanty in the literature. 

17.2 Future Perspectives 

Chitosan nanocomposites play a vital role in production of future sustainable mate-
rials. Perspectives of chitosan nanocomposites for different bionanomechanical 
applications are summarized as Fig. 17.3.
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Fig. 17.3 Future perspectives for chitosan nanocomposites for bionanomechanical applications 

17.2.1 Chitosan Nanocomposites as Future Smart Materials 

As the definition of smart materials suggests that these should be controllable as per 
the requirement, chitosan presents itself as a viable choice under this category. Its 
characteristic properties like aqueous solubility, biocompatibility, non-toxicity and 
biodegradable nature makes it a better capping agent for nanocomposites. Various 
applications of chitosan nanocomposites so far include drug delivery for treatment 
of various diseases, dye removal, antibacterial and antioxidant activities, packaging 
material, wound healing properties and many more. Going out of the conventional 
way instead of having limited applications, the chitosan nanocomposite material has 
shown multiple properties and uses due to which it is one of most prominent smart 
materials that has captured the researchers’ attention. It is abundantly available and its 
compatibility is a key factor for its incorporation with various novel nanocomposites. 

17.2.2 Perspectives for Chitosan Nanocomposites 
as Biological Materials 

Traditionally, chitosan, a biobased polymer has been used in agricultural sectors for 
high yield of crops. However, as its biocompatible and biodegradable properties came 
to light, extensive research is going on for its biomedical applications. Chitosan by 
itself presents a challenge for broad applications because of its limited mechanical 
properties. But after addition of various polymers and fillers, it has opened numerous 
pathways as chitosan nanocomposites. It is being used for bioimaging, biosensors, 
drug delivery, wound healing and many more. Besides its antifungal, antibacterial, 
mucoadhesive and haemostatic properties, it has also shown promising potential 
for non-protein matrix for the application of tissue growth and tissue organization.
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These wide variety of applications of chitosan nanocomposites make it a distinctive 
biological material for the future. 

17.2.3 Perspectives for Chitosan Nanocomposites 
as Antibacterial Materials 

The evolution of chitosan and chitosan-based nanocomposite being low cost and 
multipurpose polymer-based material has attracted a lot of interest in the field of 
antibacterial materials due to its polycationic nature. Chitosan-based nanocomposite 
were synthesized by incorporation of different types of nanoparticles including metal 
oxides, graphene oxide, clay etc. and this leads to improvement in their antibacte-
rial properties. However, the inferior mechanical strength and moderate antibacte-
rial properties are still the drawbacks that restrict their further clinical applications. 
Despite of these faults, chitosan-based nanocomposite has been the most promising 
candidate for antibacterial materials. 

17.2.4 Perspectives for Chitosan Nanocomposites as Drug 
Delivery Vehicles 

Chitosan being biodegradable and biocompatible are widely used in drug delivery 
applications including cancer or osteoarthritis. Many nanoparticles including layered 
double hydroxide, reduced graphene oxide, and metal oxide nanoparticles are utilized 
for the synthesis of different types of chitosan-based nanocomposites as drug delivery 
vehicles. These are fabricated by different methods including solution casting, solu-
tion blending, in-situ approach, freeze-drying etc. Chitosan-based nanocomposites 
with tailored properties show targeted drug delivery while it comes to combining 
with inorganic nanomaterials, they may aggregate under physiological conditions 
due to their difficulty in modification, side effects for non-targeting and poor stability. 
However, some faults are there but chitosan-based nanocomposite still is the potential 
candidate for drugs delivery vehicle. 

17.2.5 Perspectives for Chitosan Nanocomposites as Wound 
Dressing Materials 

Numerous numbers of publications presenting various chitosan-based nanocompos-
ites for wound healing application proclaim the excellent properties and signifi-
cance of these composites in this field. This popularity of chitosan nanocomposites 
in wound treatment application is due to many advantages like reduced treatment
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cost, both intrinsic and extrinsic antimicrobial ability, anti-inflammatory property, 
enhanced blood clotting, effective cell proliferation, promotion in the action of growth 
factors etc. Also, chitosan nanocomposites help in the reduction of inflammatory 
phase through the stimulation of inflammatory cells, fibroblasts and macrophases 
resulting in acceleration of wound healing process. Recently, these wound healing 
chitosan nanocomposite agents are combined with controlled release drug delivery 
vehicles leading to improved healing of damages. However, the nanocomposites of 
chitosan can better be prepared by incorporation with some natural wound healing 
materials in future to acquire better control to cytotoxicity. Furthermore, the designing 
of smart wound healing devices is limited, which could get more focus of researchers 
to configure devices so that we can control and regulate the wound healing process 
more effectively. 

17.2.6 Perspectives for Chitosan Nanocomposites as Tissue 
Engineering Scaffolds 

Chitosan-based nanocomposites have diversified tissue engineering applications 
including bone tissue regeneration, skin tissue regeneration, cartilage tissue regen-
eration and nerve tissue regeneration. The main advantage behind choosing chitosan 
nanocomposites in tissue engineering applications is their high resemblance to the 
biological cellular environment, fast cell proliferation, and promotion of cell differen-
tiation regulating growth factors. This organ-specific tissue engineering application 
is also accompanied by biodegradability and biocompatibility of these materials. 
However, the future study should emphasise on tolerating the disadvantages of using 
these materials in tissue engineering like uncontrolled degradation, lower mechan-
ical strength in terms of stability and possible infection, by combining chitosan 
with other inorganic and organic additives like carbon materials, various synthetic 
polymers such as polylactic acid, polycaprolactone and poly(ethylene oxide) etc. 

17.2.7 Perspectives for Chitosan Nanocomposites as Future 
Materials for Biosensing 

Recently chitosan-based nanocomposites were implemented in widespread 
biosensing applications for the detection of various bio-analytes such as proteins, 
amino acids, DNA, virus, cancer cells, bacteria, hormones, cholesterol as well as in 
the detection of various small biomolecules like ascorbic acid, uric acid, dopamine 
and tryptophan. Chitosan is combined with different metal nanoparticles like gold 
and silver nanoparticles, metal oxide nanoparticles, carbon quantum dots, graphene 
quantum dots, etc. showing excellent biosensing applications with high sensitivity, 
and selectivity, owing to its ability to form an amazing immobilization matrix on
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the biosensor surface. However, from some analysis carried out in the present book, 
specific disadvantages in the stability of chitosan nanocomposites in some cases 
are noticed. Keeping an eye upon this, as “a disadvantage is often a seed of an 
advantage” we can bind chitosan nanocomposites with several binding polymers 
like polyvinyl alcohol, starch, polyurethane, and epoxy polymers etc. to increase 
the stability of chitosan nanocomposites and at the same time these new stabilizer 
additives can emanate more sensing properties to the nanocomposite. Moreover, the 
structure, stability and most importantly the optical and electrical properties can be 
regulated more efficiently for enhanced applications in fluorescence, electrical as 
well as colorimetric sensing applications of this biomolecule. 

17.2.8 Perspectives for Chitosan Nanocomposites as Smart 
Cancer Therapeutic Materials 

Cancer is one of the fatal diseases that immensely causes death around the globe 
and the number of lives lost due to cancer is increasing day by day. To minimize the 
death rate caused by cancer, anti-cancer therapeutic agents such as 5-fluorouracil, 
doxorubicin etc. should be administrated through a proper drug delivery system 
with target specific and controlled release features. For this purpose, a variety of 
chitosan nanocomposites have drawn the attention of researchers in the area of cancer 
treatment. Chitosan is endowed with inflammatory characteristics which affect the 
polarization effect of immune cells that consequently make chitosan a promising 
candidate for cancer treatment. In addition to this, stimuli responsive chitosan 
nanocomposite with graphene, metal, metal oxide and polymer and numerous formu-
lations of chitosan, namely film, solution, gel, micro-needle and nanoparticle with 
immunomodulatory potential have been implementing in in vitro and in vivo cancer 
therapy. Regardless of such advancement of chitosan nanocomposites, there are still 
scopes for the improvement of the synthesis process, employment route of the partic-
ular system for targeted specific delivery and enhancement of biocompatibility and 
cytotoxicity effects. 

17.2.9 Perspectives for Chitosan Nanocomposites as Future 
Materials for Dentistry 

Starting from preventive to restorative dentistry chitosan-based nanocomposites 
stands as a real blessing in this field in view of their remarkable properties like antimi-
crobial, non-toxicity, bioadhesive, biocompatibility, biodegradability, antiplaque, 
osteoconduction and anti-inflammatory responses etc. Chitosan is modified with 
various metal and metal oxide nanoparticles, clay, graphene and graphene oxide as 
well as other synthetic polymers for outstanding applications in dentistry. However,
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from all the reviews in the present book, it is noticed that the accurate reproducibility 
of the designing process and molecular weight is challenging and demands further 
improvement in terms of reproducibility of the process. There is no doubt that 
chitosan has expanding future in dentistry application but the development of their 
clinical application in actual practical field still needs much attention. The future 
outlook should be high quality research leading to translation of dentistry applica-
tion of chitosan-based nanocomposites from research to clinical trials by means of 
in vivo studies. 

17.2.10 Perspectives for Chitosan Nanocomposites 
as Nanomedicine 

Nanomedicine is a burgeoning area of nanotechnology which has the capability to 
transfigure the entire healthcare and medicine field with the assistance of thera-
peutic and diagnostic tools. So, the designing and development of new and unique 
nanomedicines are the absolute necessity. Chitosan nanocomposite emerged as a 
potential nanocarrier in sundry kinds of biomedical applications such as drug admin-
istration, antibacterial activity, gene therapy, cancer treatment, wound healing etc. 
This bio-nanocomposite holds the ability to encapsulate medications and conveys 
them to the requisite sites leading to administration in a sustainable and controlled 
manner. Being non-toxic and of suitable size, the chitosan nanocrystal is also useful 
in anticancer action. Furthermore, chitosan nanocomposites can enter the nucleus to 
interrupt protein synthesis inside the bacterial cell and cause the inhibition of bacteria 
production. In case of wound dressing, haemostatic properties of this material play 
a major role in plugging the bleeding wound surface. 

17.3 Outlook and Remark 

Chitosan nanocomposites can be chosen as one of the promising candidates for 
designing of advanced smart materials and devices keeping an eye upon the effi-
cient translation from research to practical applications. Now it is an opportunity to 
explore new direction of research in the way of chitosan-based nanocomposites with 
a big solution to different challenges of individual chitosan. The cost effectiveness, 
safe processability, environmental friendly nature of chitosan nanocomposites need 
to be considered for device applications in the area of bionanomechanical applica-
tions. This chapter in particular and the book as a whole may discover a novel path 
in solving the problems of existing challenges towards proposing chitosan-based 
bionanocomposites towards biomechanical applications.
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