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ABSTRACT

Chitosan, a linear polysaccharide derived from the deacetylation of chitin, is a highly favourable
biopolymer due to its distinctive properties, including biodegradability, biocompatibility, and
antimicrobial activity. Tracked primarily from the exoskeletons of crustaceans, it is a sustainable and
ample material. This review article provides a comprehensive overview of chitosan and its various
derivatives, focusing on their synthesis, characterization, and wide-ranging applications. We delve
into the methods of chemical modification that enhance chitosan’s properties, such as its solubility
and functional group availability. Key derivatives like carboxymethyl chitosan (CMC), quaternized
chitosan (QCS), and chitosan oligosaccharides (COS) are discussed in detail, highlighting how their
tailored properties make them suitable for specific uses in the biomedical, environmental, and food
sectors. The article also discourses the current challenges in chitosan research, such as production
variability and cost, and frameworks future perspectives aimed at unlocking its full impending
through advanced functionalization techniques and novel applications.
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INTRODUCTION

Chitin is one of the furthermost abundant biopolymers on Earth,
second only to cellulose, and is a major component of the exo-
skeletons of arthropods like crabs and shrimp, as well as the cell
walls of fungi. Chitosan is a partially deacetylated form of chitin,
containing a blend of -(1—4) bonds linked D—glucosamine and
N—acetyl-D—glucosamine units. The degree of deacetylation
(DD) is a critical parameter that basically determines its physi-
cochemical properties, such as solubility and charge density.
The presence of primary amine groups (- {NH}) on the chitosan
backbone gives it a idiosyncratic positive charge in acidic media
(pH < 6.5) due to the protonation of these groups (Figure 1). This
cationic nature is the key to many of its biological and chemical
functionalities, including its antimicrobial properties and ability
to form complexes with negatively charged molecules [1,2].

Despite its many advantages, native chitosan has a sig-
nificant drawback: its poor solubility in neutral and alkaline
conditions. This limitation has spurred extensive research into
chemical modification, leading to a vast array of chitosan deriv-
atives. These modifications aim to improve solubility, introduce
new functionalities, and fine-tune the material for specific appli-
cations. This review reconnoitres the synthesis and properties of

chitosan, the most significant derivatives, and their roles in vari-
ous industries, from medicine to environmental science.

METHODOLOGY

Literature search for the review was conducted (up to December
2025), using Elsevier-Science direct, Springer Link, Wiley
Interscience (Wiley), Pubmed and Google Scholar. The search
included the following keywords: Chitosan, degree of acetyla-
tion, carboxymethyl chitosan, quaternized chitosan, chitosan
oligosaccharides. This comprehensive review traces the histor-
ical development of chitosan based materials and delves into
their specific applications across various fields.

SYNTHESIS AND FUNDAMENTAL
PROPERTIES OF CHITOSAN

Production of Chitosan from Chitin

The industrial production of chitosan is a multi-step process that
begins with the raw chitinous biomass, typically from shrimp or
crab shells. The process involves:
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Figure 1 | Functional groups in chitosan’s structure [3].

Demineralization: The raw shells are treated with dilute
acids (e.g., HCl) to remove inorganic minerals, primarily calcium
carbonate.

Deproteinization: The demineralized material is then
treated with a dilute alkaline solution (e.g., NaOH) to remove
proteins.

Deacetylation: This is the final and most crucial step, where
the chitin is treated with a concentrated alkali (e.g., 40-50%
NaOH) at high temperatures (100°C). This process removes the
acetyl groups from the N-acetyl-D-glucosamine units, convert-
ing chitin into chitosan. The extent of deacetylation can be
controlled by varying the reaction time, temperature, and alkali
concentration [4,5].

Physicochemical Properties

The functionality of chitosan is primarily governed by its molec-
ular weight (MW) and degree of deacetylation (DD).

Solubility: Chitosan is insoluble in water, but its amine
groups become protonated in acidic solutions, making it solu-
ble. This pH-dependent solubility is a defining characteristic.

Biocompatibility and biodegradability: Chitosan is non-
toxic and biocompatible, meaning it is well-tolerated by bio-
logical systems. It is also biodegradable, breaking down into
non-toxic oligosaccharides through enzymatic action by lyso-
zyme, which is present in the human body.

Antimicrobial activity: The positively charged amine
groups on the chitosan chain interact with the negatively
charged components of microbial cell membranes, disrupting
their integrity and leading to cell death. This property makes it a
natural antimicrobial agent [6].

KEY CHITOSAN DERIVATIVES AND
THEIR SYNTHESIS

Chemical modifications of chitosan typically target the hydroxyl
(=OH) and amine (-NH2) groups, resulting in derivatives with
enhanced or new properties [6].

Carboxymethyl Chitosan (CMC)

CMCiis a highly water-soluble derivative synthesized by reacting
chitosan with monochloroacetic acid in an alkaline medium.The
introduction of carboxymethyl groups (~CH2COOH) provides a
negative charge, allowing CMC to be soluble over a broad pH
range, including neutral and alkaline conditions. This derivative
is often used in drug delivery and hydrogel formation.

Quaternized Chitosan (QCS)

QCS is a derivative where quaternary ammonium groups are
grafted onto the chitosan backbone, typically by reaction with
glycidyl trimethylammonium chloride (GTMAC). This modification
creates a permanently cationic polymer, independent of pH. QCS
exhibits superior antimicrobial activity compared to native chi-
tosan and is widely used in water purification and wound dressings.

Chitosan Oligosaccharides (COS)

COS are low molecular weight derivatives obtained by the enzy-
matic or chemical hydrolysis of chitosan. Their small size makes
them highly water-soluble and easily absorbable by the body.
COS possess a range of biological activities, including antioxi-
dant, anti-tumor, and immunomodulatory effects, making them
valuable in the nutraceutical and pharmaceutical industries.

Glycol Chitosan (GC)

Glycol chitosan is synthesized by reacting chitosan with eth-
ylene oxide. The resulting polymer is highly water-soluble, even
in physiological pH, which is a major advantage for biomedical
applications. GC is commonly used as a scaffold for tissue engi-
neering and as a non-viral vector for gene delivery due to its
ability to form stable complexes with nucleic acids [5,6].

The unique properties of chitosan and its derivatives have
led to their application in a variety of fields.

DIVERSE APPLICATIONS OF CHITOSAN
AND ITS DERIVATIVES

The unique properties of chitosan and its derivatives have led to
their application in a variety of fields (Table 1).

Biomedical Field

Drug delivery: Chitosan and its derivatives are excellent can-
didates for drug delivery systems due to their mucoadhesive
properties and ability to form nanoparticles. They can encapsu-
late drugs, protect them from degradation, and enhance their
bioavailability, particularly in oral and nasal administration [7].

Tissue engineering and regenerative medicine: Chitosan-
based scaffolds and hydrogels provide a biocompatible and bio-
degradable framework for cell proliferation and differentiation.
They are extensively researched for regenerating bone, carti-
lage, and skin tissues [8].

Wound healing: Chitosan-based wound dressings promote
hemostasis, reduce inflammation, and exhibit antimicrobial
effects, thereby accelerating the healing process [9].
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Table 1 Pharmaceutical applications of chitosan and its derivatives

Active

S.no. Carrier system Key findings References

compound

1. Nanoparticles Docetaxel The nanoparticles components were non-toxic and safe to human cells. The [10]
prepared nanoparticles may be used as effective carriers for chemotherapeu-
tic agents targeting carcinogenetic tissues.

2. Nanoparticles Isolongifolene  Isolongifolene-loaded chitosan nanoparticles were shown to be plasma-com- [11]
patible and to have a consistent release pattern. As a result, chitosan-loaded
nanoparticles might be used as an effective adjuvant in cancer therapy to
address multi-drug resistance in solid tumours.

3. Nanoparticles Methotrexate Methotrexate-loaded nanoparticles inhibited the viability of breast cancer [12]
cells when exposed to low doses. The tiny size of this efficient cytotoxic
nanoparticle delivery method makes it a promising technique for use in
breast cancer.

4. Nanofibre Cisplatin The prepared nanofibres are biocompatible and effective in cancer treatment. [13]

Nanoparticles Docetaxeland  The prepared nanoparticle loaded with curcumin and docetaxel can ameliorate [14]
curcumin the immunosuppressive microenvironment to promote the inhibition of
tumour growth.

6. Nanoparticles Quercetin The prepared nanoparticles decrease tumour growth and provide a [15]
prospective strategy for the treatment of paclitaxel-resistant lung cancer.

7. Nanoparticles Doxorubicin At pH 5.0, the drug was promptly and totally liberated from the nanoparticles. [16]
The anti-HER2 conjugated O-succinyl chitosan graft Pluronic® F127
copolymer nanoparticles had the lowest IC,  in vitro, indicating a boost in the
therapeutic effectiveness of doxorubicin to treat human breast cancer.

8. Hydrogel nano Curcumin The proposed nanostructure is a promising vehicle with the ability to improve [17]

composite curcumin loading and enable prolonged curcumin release while causing
considerable cytotoxicity in MCF-7 cells.

9. Hybrid nanogel Doxorubicin The present research demonstrated that the designed enzyme-responsive [18]

containing gold nanogel could potentially target various solid tumours both actively and
nanoparticles passively.

10. Nanoparticles Doxorubicin In human breast cancer MCF-7 cells, doxorubicin plus cisplatin had a [19]

and Cisplatin synergistic cell-killing impact. The findings clearly show that the innovative

nanoplatform holds great promise for synergistic combination treatment of

breast cancer.

Environmental Applications

Water treatment: The cationic nature of chitosan makes it an
effective flocculant, capable of binding to negatively charged
colloidal particles, heavy metals, and organic pollutants in
wastewater. QCS, with its permanent positive charge, is partic-
ularly efficient for these purposes.

Bioremediation: Chitosan-based adsorbents are used to
remove a variety of contaminants, including dyes, pesticides,
and other toxins from polluted water and soil [20].

Food and Agriculture

Food preservation: Chitosan-based edible coatings and films
extend the shelf life of fruits and vegetables by acting as a bar-
rier against moisture loss and microbial spoilage.

Food additives: Chitosan oligosaccharides (COS) are used
as functional food ingredients due to their prebiotic and antiox-
idant properties.

Agriculture: Chitosan can be used as a natural biopesti-
cide and a growth promoter for crops, helping to improve plant
health and yield [3].

CHALLENGES AND FUTURE
PERSPECTIVES

Despite the extensive research and promising applications, the
widespread commercialization of chitosan and its derivatives
faces several challenges. The variability in the properties of the
raw material from different sources can affect the final product's
quality. Additionally, the high cost of production and the chal-
lenges in scaling up some modification processes remain signif-
icant hurdles.

Future research should focus on developing more cost-
effective and sustainable production methods. Exploring
advanced (Table 2) functionalization techniques, such as click
chemistry and enzymatic modifications, will allow for the
synthesis of new derivatives with highly precise and tunable
properties. The integration of chitosan with other materials to
create composite materials with enhanced mechanical and
functional properties also represents a promising avenue.
Ultimately, the development of intelligent, stimuli-responsive
chitosan-based materials for biosensors, drug delivery systems,
and regenerative medicine will be at the forefront of future
innovation.
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Table 2 Recent studies on chitosan focusing on delivering therapeutic compounds

Polymer

Device type Model drug/drug v ) Effect/Results References

formulation

Solid-lipid Leflunomide Chitosan/Folicacid ~ FA-CS-SLNs exhibited sustained release for 168 h and low- [21]

nanoparticles ered liver toxicity and enhanced joint healing compared to
leflunomide suspensions.

Implants Ibuprofen Chitosan/ Sustained release for 120 h by diffusion-erosion, 75.3% cell [22]
polycaprolactone viability.

Hydrogel-based Salvia miltiorrhiza  Carboxymethyl Simple penetration of HFM-1 into infant porcine skin was [23]

microneedles chitosan/oxidized demonstrated because of its remarkable mechanical
pullulan characteristics. Drug release was rapid from HFM-1, hence
suitable for transdermal delivery.

Hydrogel Berberine Chitosan/puerarin Increased rheological properties due to dense structure of [24]

chloride CS/PUE18 hydrogels. Dual anti-inflammatory and antimi-
hydrate crobial activities with pH-dependent drug release

Thermogel Dexamethasone  Hexanoyl glycol Versatile release kinetics with no initial burst release. Excel- [25]
chitosan lent residual stability without any ear-related side effects

and could deliver high concentrations of the drug to the
inner ear.

Hydrogel Acyclovir Chitosan/f- Zero-order kinetics of drug release with pH-dependent [26]
cyclodextrin/ swelling behavior. After acute oral toxicity studies, no sig-
methacrylic acid nificant behavioral, histopathological, and clinical changes
(MAA) and N’ were observed in Wistar rats. Increased bioavailability as
N’-methylenebis- compared to acyclovir suspension at a dose of 20 mg/kg in
acrylamide (MBA) rabbit plasma.

Hollow capsule Gemcitabine/ Chitosan/ pH-dependent drug delivery at pHs 5.5 and 7.4. [27]

curcumin poly(ethylene Encapsulation efficiency was above 84%, and release
glycol efficiency was 82%. Good cytotoxicity towards HCT-116
dimethacrylate- colorectal cancer cell lines.
co-methacrylic
acid)

Nanohybrid 5-fluorouracil Chitosan/ Bi-QCS-AuNPs@collagen overcame the low drug load [28]
collagen/gold capacity of AUNPs from 64.675 to 87.46% as well as excel-
nanoparticles/ lent anti-inflammatory activity in macrophage cell lines
biotin-quat188- (RAW264.7). Moreover, in comparison to free 5-FU, the
chitosan (Bi-QCS- nanohybrid improved drug activity by 3.3-fold in HeLa cell
AuNPs@collagen) lines and 6.2-fold in A549 cell lines, respectively.

Nanoparticles Voriconazole Chitosan The drug loading in NPs ranged from 75% to 90%. [29]

Sustained-release profile in rat skin model and
exhibited antifungal activity against C. albicans.

Films Ciprofloxacin Chitosan/chitosan-  Low acetylated and molecular weight CDP-based films [30]
depolymerization exhibited reduced swelling and ciprofloxacin released in
products a controlled manner for up to 54% in 24 h in a pH-depen-

dent manner.
CONCLUSION lead to new and exciting applications, further cementing chi-

Chitosan is a remarkable natural biopolymer with a unique com-
bination of properties that make it highly valuable across arange
of industries. While native chitosan has limitations, the synthesis
of its derivatives has successfully expanded its utility, creating
materials with tailored properties for specific applications. From
life-saving biomedical devices to environmentally friendly water
purification systems, chitosan and its derivatives are playing an
increasingly important role in addressing global challenges in
health, sustainability, and resource management. Continued
innovation in synthesis and functionalization will undoubtedly

tosan’s status as a key biopolymer for the future.
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