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Abstract

Chitosan, a naturally occurring cationic polymer substance obtained as a result of deacetylation of chitin, a parental form, is
the second most commonly used natural biopolymer next to cellulose. The main source of chitin is crustaceans like shrimp,
lobster, crab, etc., followed by insects and fungi. Its non-toxic, biodegradable and biocompatible properties have extended its
application in various areas. It has antimicrobial, antioxidant, anti-inflammatory, antiviral, and wound-healing properties.
These properties were determined by their molecular weight and deacetylation degree. Chitosan is soluble in acidic solutions.
It is non-soluble in neutral and alkaline solvents, making its application limited in many fields. The chitosan was extracted
through chemical and biological methods. It typically comprises deproteination, demineralization and deacetylation. The pure
chitosan was obtained through a reprecipitation process. Various techniques such as XRD, SEM and FT-IR are employed for
the characterization of chitosan, which provide insights into its crystallinity, structure and purity. The different forms of
chitosan have been used, which include powder, solution, flake, fiber, hydrogels, sponges, scaffolds, membranes, films and
nanoparticles. Due to its diverse properties, it has a significant application in various sectors. It can be used as an antimicrobial
agent, wound dressing, drug delivery, wastewater treatment, dye removal, plant regulator, bio stimulant, food packaging,
animal feed, functional textile, deodorant, personal care, bioimaging and biosensor, which can be applied in biomedical,

environment, agriculture, food, textile, cosmetics, pharmaceuticals, etc.
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Introduction

The initial discovery of chitosan was made by Rouget in
1859. Chitosan is the most abundant biopolymer globally,
next to cellulose. The structure of chitosan is similar to that
of cellulose, which is made up of several repeating units of
B-(1-4)-linked-D-glucosamine units (Abo Elsoud & El
Kady, 2019) !, Chitosan is a cationic polymer produced
after the deacetylation of chitin. Chitin is present primarily
in the exoskeletons of crustaceans, insects, arthropods,
molluscs, green algae, and fungi cell walls (Iber ef al., 2022)
34 These organisms have varying amounts of chitin: 15-
30% in crab cuticles, 20-30% in exoskeletons of
crustaceans, 30-40% in prawn cuticles and 2-44% in fungal
cell walls. Nowadays, the majority of chitosan utilised in
industry is extracted from crustaceans, whose exoskeletons
can be found easily as waste products from the food
processing industries (Pellis et al.,, 2022) %, Annually,
around 6-8 million tons of crustacean shell waste are
produced (Ngasotter et al. 2023) 71 Chitin may be
converted into a deacetylated form, chitosan, a usable
product. The conversion method comprises biological and
chemical methods. For the mass production of chitosan, a
low-cost chemical conversion method contributes to its
dominance (Yan et al. 2021) P81, The chemical conversion
method comprises four processes: demineralization
(removing inorganic CaCOs), deproteination (removing
proteins),  decolouration  (removing colours) and
deacetylation (removing the acetyl group). Additionally, a
few pre-treatments, such as grinding, washing, etc., and
some post-treatment methods, such as purifying methods,
may be applied to improve the quality of the final product
chitosan (Pakizeh et al. 2021) I'1, The biological conversion

techniques are fermentation and enzymatic methods. As the
names suggest, enzymes break down the crustacean shell,
while the other breaks it down using bacteria until only
chitin remains. Biological conversions often yield chitin
with a low DD and a high molecular weight, but they have
difficulty in demineralization and deproteination of chitin
(Kozma et al. 2022) 81, Chitosan can interact with a wide
range of negatively charged molecules, such as
phospholipids, bile acids, fatty acids, anionic
polysaccharides and proteins, as well as diluted aqueous
acetic acid, lactic acid, malic acid, formic acid and succinic
acid (Naghib et al. 2024) ], Chitosan has gained a lot of
attention due to its potential properties. It includes
mucoadhesive, anti-inflammatory, antioxidant,
antimicrobial, antitumoral and wound healing (Aranaz et al.,
2021) 181,

In addition, chitosan also possesses biodegradable,
biocompatible, bioactive, nontoxic, nonallergenic and good
absorption properties (Alemu et al., 2023) 1. Chitosan has
been applied in the field of medicine, pharmaceuticals,
environment, food, cosmetics, agriculture, paper and textile
industries, etc. (Thambiliyagodage et al. 2023) [,
Additionally, chitosan has attracted a lot of interest from the
fields of dentistry, bioimaging, veterinary medicine,
cosmetotextiles and nutraceuticals (Morin-Crini et al., 2019)
21 Over the past few years, chitosan production and
demand have kept on increasing across a wide range of
global markets. The market for chitin and its derivatives was
calculated to be worth 7.1 billion USD and 7.9 billion USD
in the years 2021 and 2022[" %31 respectively, and it is
expected to increase to a revised USD 24.9 billion by 2030
(Weng et al. 2023) P9,



The present review provides an overview of the biopolymer
chitosan with its extraction process and characterisation. It
also provides remarkable properties of chitosan in
association with broad applications in various fields.

Occurrence of chitosan in nature and their sources
Chitosan, a naturally occurring polysaccharide, was
obtained through the deacetylation of chitin, which is
present in the exoskeletons of crustaceans, insect cuticles,
and cell walls of some fungi (Sharkawy et al. 2020) [,
However, chitin is absent in animals and higher plants
(Alemu et al., 2023) Bl. Currently, shrimp and crab shells
are used for the major production of chitin in large-scale
industries (Abo Elsoud & El Kady, 2019) 1. About 69-70%
of chitin was produced from the shrimp and crab shells
(Kaur and Dhillon 2014) 2. Under X-ray diffraction
studies, chitin exists in three crystalline forms: a-, -, and y-
chitin based on their orientation, degree of hydration, unit
size, and number of chains. The a-chitin is the most
abundant structure in the exoskeletons of krill, lobster, crab,
and insect cuticles. B-chitin will be present in diatoms and
squid. y-chitin will be present in fungi, yeast, and insect
cocoons (Pellis et al., 2022) "%, g-chitin was found to be the
only extractable and common type of chitin among them
(Alemu et al., 2023) B!,

1. Crustacean as a source of chitin

Exoskeletons of crustaceans from marine organism waste
(e.g., shrimp, crab, or krill shells) are the most common
source for the production of chitosan (Iber et al., 2022) 2%,
These sources are less expensive, renewable, and easily
available as a by-product of food processing (Hisham et al.,
2024) B, Shells of crustaceans are mainly composed of
chitin (20-30%), proteins (30-40%), lipids (0-14%), and
minerals (30-50%) (Pellis et al., 2022) 7%, Chitin content in
dried exoskeletons varies depending on the crustacean
species (HEMMAMI et al., 2024) BY, Crabs and shrimp
contain 10-72% chitin and are widely used in industrial
areas for chitin production (Leen ef al.,). The rigid nature of
the crustacean shell is due to the mineral-protein complex
meshing with chitin. During the extraction of chitin, this
mineral-protein  complex will be removed by
demineralization and deproteination. The final product,
chitosan, was obtained by deacetylation of chitin, which
involves the removal of the acetyl group from -chitin
(Hisham et al., 2024) 311,

2. Fungi as a source of chitin

Fungi are the second most commonly used source of chitin,
next to crustaceans. Fungi account for 1- 15% of chitin in
their cell wall and their structure is similar to that of
crustaceans. Fungal chitin content will vary according to the

species, seasonal conditions, and the age of the fungi (Iber
et al., 2022) B4, The major components of the fungal cell
wall are chitin, glucans, glycoproteins, and mannans
(HEMMAMI et al., 2024) B4, Chitosan can be directly
extracted from the fungal cell wall without a deacetylation
process. Absidia spp., A. niger, Rouxii, Rhizophusoryzae,
and Lentinus edodes are the most commonly used fungal
species for direct chitosan extraction (Iber et al., 2022) 48,
The mycelium of the fungal cell wall was considered to
have chitin. A large amount of mycelium waste was
produced by biotechnological industries (Kaur and Dhillon
2014) ™2, In addition, the availability of chitin is not
influenced by seasonal and geographical conditions
(HEMMAMI et al., 2024) B9, Chitin and chitosan are not
present in all fungal species.

3. Insects as a source of chitin

In addition to crustaceans and fungi, the possible source of
chitin is from insects (Pellis et al., 2022) ), Increasing the
demand for chitin has increased the demand for sources.
The availability of marine crustacean sources was
constrained due to their seasonal and geographical obstacles
(Hisham et al., 2024) Bl Insect sources have some
advantages over marine crustacean sources, as they are not
seasonal, readily reproduce, and are highly fertile (Elsoud et
al., 2022) 231, Insect cuticle contains 30-45% of protein, 25-
40% of fat, and 10-15% of chitin (Iber et al., 2022) B4,
Mineral content in insect cuticles is lower when compared
with crustacean sources. This makes the demineralization
process easier (HEMMAMI et al., 2024) B%, Chitin content
will vary in contrast to the life cycle of the insect (Leen et
al.,). Chitosan derived from insect cuticles, is used in
agricultural applications such as seed coating, plant
protection, gene transferring, etc., and biomedical
applications such as drug delivery (Pellis et al., 2022) [7!],

4. Other sources of chitin

The cell walls of certain species of microalgae possess
chitin and chitosan. Additionally, the investigation was
conducted on green microalgae, yeast cell walls, marine
diatoms, coralline algae, and mollusks, and the results were
positive in chitin yield. Fish scales acquired recognition as
the source of chitin (Iber et al., 2022) 3. The chitin
presence was shown in the cell walls of the green algae
Pithophora oedogonia and Chlorella vulgaris. In addition,
spider contains 5-8.5% of chitin (o-chitin). In Mollusca,
squid attains major consideration because of its B-chitin
structure. High chitin has been reported in the squid pen
(49%) (Leen et al.,). Wu et al., (2022) 133 attempted the first
study on the extraction of chitosan from plant sources. It
was found that leaves and peel waste of L. cylindrica can be
used as a sustainable source of chitosan.

Table 1: Summary on source, treatment method and yield of chitin and chitosan

Source Orpanism Extraction Chitin Yield | Chitosan Yield Degree of Reference
Method (%) (%) Deacetylation (%)
Shrimp “gféfgif 36.43 90.12 95.19 (Mahdy Samar et al. 2013) [57
Crustaceans Shrimp Chemical Not specified 20.45 69.25 (Saleh et al. 2016) 8%
Crab Chemical 26.23 73.73 Not specified (Lalit Mahatma 2021) 521
Crayfish Chemical 23.72 17.50 92.06 (Kadak et al. 2023) [*1]
Beetle Chemical 17.7 78.26 95.09 (Nafary et al. 2023) [%]
Cockroach Chemical Not specified 5.80 36.8 (Cheraghi et al. 2023) 14
Insect -
Mealworm Biological 85 319 539 (Jantzen d;oszli\)/z};ﬁucas etal.




Fish scales

Sea shell

Grasshopper

Beetle

Black soldier fly Chemical 5.00 = 0.002 93+0.16 85.71+0.24 (Lee et al. 2022) B3
N Biological . . 7

M. pseudolusitanicus (fermentation) Not specified 40.59 mg/g 88.5 (Almeida et al. 2023)

Fungi Saccharomyces Chemical | Not specified |20.85+0.35 mg/g 634 (Afroz et al. 2021) B

cerevisiae
Aspergillus niger Chemical 16.0+ 0.8 30.5 % 90.5 (Krake et al. 2024) 4]
Oyster shell Chemical Not specified 61.1 89.14 (Handayani et al. 2018) 2]
Molluscs Asian green mussel Chemical 41.6 395 79.8 (Danarto and ][?61]8 tantina 2016)
Crab

Chitosan
Source

Lobster

Mushroom

Fig 1: Various sources of chitosan including crustacean, fungi and insects.

Chitosan: Structure and Chemistry

1. Structure and Chemistry

Chitosan is a linear biopolymer made up of D-glucosamine
and N-acetyl-D-glucosamine units linked by [-(1—4)
glycosidic bonds. It contains amino, primary hydroxyl, and
secondary hydroxyl functional groups which can be
chemically modified and impact its physicochemical
properties. The chitosan is easily dissolved in acidic water
because the amino groups become protonated and form a
positively charged polyelectrolyte configuration (Romaén-
Doval et al. 2023) B9, However, chitin is more acetylated,
which means less protons can be released and makes it less
soluble in acidic medium. This is one of the important
properties that make chitosan attractive for various

biomedical and industrial applications (Aranaz et al., 2021)
[19]

2. Chitin vs Chitosan

Chitin is a naturally occurring polysaccharide and is the
second most abundant natural polymer, after cellulose,
found in many different living organisms. The
polysaccharide backbone of chitin is similar to that of
cellulose, but chitin contains acetamide (—NHCOCHS3)
groups at the C2 position instead of hydroxyl groups. Chitin
is mainly composed of -(1—4)-linked N-acetyl-2-amino-2-
deoxy-D-glucose ~ (N-acetyl-D-glucosamine,  GlcNAc)

monomers, with a minor number of 2-amino-2-deoxy-D-
glucose units (Casadidio ef al. 2019) ['!l. Chitosan has three
important functional groups namely amino group (-NH>) at
C2, secondary hydroxyl group (-OH) at C3 and primary
hydroxyl group (-OH) at C6 (El-Araby et al. 2024) 122,
Unlike cellulose, chitin and chitosan have approximately 5—
8% nitrogen in their molecular structure. The nitrogen
present in chitin is primarily present in the form of N-
acetylated amino groups (-NHCOCH:s), whereas in chitosan
nitrogen is mostly present in the form of primary aliphatic
amino groups (-NH:2) during deacetylation. Both polymers
contain these functional groups with nitrogen and are
capable of undergoing several chemical reactions involving
amines. However, chitosan has greater chemical reactivity
than chitin because there are more free amino groups and
primary and secondary hydroxyl groups in the repeating unit
(Bhandari et al. 2020) 1%,

Extraction of chitosan

Typically, chitosan is extracted by chemical and biological
methods. Biological methods involve the wuse of
microorganisms and enzymes. The crustacean source of
chitin naturally contains minerals, proteins, and pigments,
while the fungal and insect source has fewer contaminants,
so certain stages of the extraction process were excluded
(Elsoud et al., 2022) 23, The main steps involved in



chitosan extraction were demineralization, deproteination,
discolouration and deacetylation.

1. Pre-treatment process

The pre-treatment process involves a group of steps needed
to prepare for the extraction of chitin. It mainly comprises
the removal of soft tissue by scraping, boiling, washing,
grinding and drying (Leen Bastiaens, n.d.). Usually, shells
of the crustacean were put into boiling water for 1-3 hours,
then followed by drying in the oven at 160°C. Next, the
dried shells were ground into fine powder (Al-Hasan
Hamdan et al. 2020) 1,

2. Demineralization

The process of demineralization is advised to be used when
the mineral content is high (Leen Bastiaens, n.d.). The
demineralization process involves the use of dilute
hydrochloric acid to remove calcium carbonate, calcium
chloride, and other minerals (Hisham et al., 2024) BU. The
demineralization is essential for both crustacean and insect
sources of chitin, whereas the demineralization is not
necessary for fungal sources (Pellis et al., 2022) [l
Biological demineralization involves the use of acid-
producing bacteria or enzymes such as alcalase. The
resultant acid will react with calcium carbonate and produce
a precipitate, which can be removed during washing (Leen
Bastiaens). Generally, lactic acid is mediated in enzymatic
demineralization (Elsoud et al., 2022) 23,

3. Deproteinization

The deproteinization process involves the breakdown of a
chemical bond between protein and chitin (Hisham et al.,
2024) Bl Deproteinization is typically carried out by
sodium hydroxide treatment (Leen Bastiaens, n.d.). The
process is completed by separating the protein from the
sample through filtration (HEMMAMI et al., 2024) B9, In
the enzymatic method, proteolytic bacteria are used to
produce proteases such as pepsin, papain, and trypsin (Leen
Bastiaens).

4. Decolouration
Chitin produced during demineralization and

deproteinization is a coloured substance; it must be bleached
or decoloured before commercial use (HEMMAMI et al.,
2024) B9 Decolouration was achieved by using solvents
such as acetone, sodium hypochlorite, and hydrogen
peroxide (Joseph et al. 2021) B3],

5. Deacetylation

The deacetylation process involves the removal of an acetyl
group from chitin and replacing it with reactive amino
groups. The percentage of unbound amino groups in the
structure can be determined with the Degree of
Deacetylation (DD), which is used to distinguish chitin from
chitosan (Hisham et al., 2024) U3, The most effective
deacetylation condition should produce chitosan without
any damage and be easily soluble in diluted acetic acid
quickly. This process can be repeated to obtain a higher
degree of deacetylation up to 98%, but complete
deacetylation cannot be attained. The degree of
deacetylation depends on the alkali concentration,
temperature and time (Abo Elsoud & El Kady, 2019) 1. A
polymer is considered to be chitosan when its DD value is
said to be more than 60% (HEMMAMI et al., 2024) B0 A
good soluble chitosan should attain a degree of
deacetylation of at least 85% (Abo Elsoud & El Kady, 2019)
(2. In the biological method, the deacetylase enzyme was

used for the deacetylation of the chitin (Elsoud ef al., 2022)
[23]

6. Purification of chitosan

The chitosan obtained needs to be purified to make it
compatible for biological use. The reprecipitation process
was used to purify chitosan (Omar et al. 2022) 31, During
deacetylation process, impurities in the material cannot be
completely removed. Therefore, purification is a key
process, especially for medical and biomedical applications.
However, purification is often a problem due to the high
viscosity of chitosan solutions. Common contaminants
include proteins, gums, salts, pigments and other residual
impurities that must be removed to ensure the quality, purity
and biocompatibility of the final chitosan product (Hegde
and Subbalaxmi Selvaraj 2024) ],

Chemical process

5% MaOH for 3 h @
25-100°%C

2-5 % HCI for 3h @ 379C

40-50% NaOH fer3 h @
80-100°C

Deproteination

Demineralization

Chitin

Deacetylation

Chitosan

Purification

Filtration & reprecipitation

Pure chitosan

Biological process

Protease 30°C for 5 days

Acid producing bacteria
30°C for 5 days

Chitin deacetylase

Fig 2: Chemical and biological processes of chitosan production and purification



Characterization of chitosan

Applying chitosan in different areas, such as agriculture,
biomedical, and food, highly depends on its
physicochemical characteristics. These characteristics are
closely related to the extraction process of the chitosan and
its source. The final utilization of the chitosan was
determined by its physicochemical characteristics (Elsoud et
al., 2022) 231,

1. Molecular weight

Capillary viscometry is the most extensive and simple
method used to determine the molecular weight of chitosan.
Molecular weight can be used as a standard parameter to
determine the higher quality of chitosan (Elsoud et al.,
2022) 23, Measuring the molecular weight of chitosan
constitutes an essential factor since it dramatically impacts
the physicochemical properties (EL Knidri et al. 2019) 29,
Lower molecular weight chitosan is used in the food sector
as an anti-tumour, antioxidant, and antibacterial substance.
The lower molecular weight chitosan will readily penetrate
the microbial cells and bind to RNA to stop transcription
and cause cell death, while chitosan with a medium
molecular weight has a higher anti-cholesterol property than
a higher molecular weight chitosan (Elsoud et al., 2022) (231,
The relationship between chitosan molecular weight and its
water solubility follows: the lower the molecular weight, the
more soluble it is (Omar et al. 2022) ",

2. Degree of deacetylation

The degree of deacetylation or Deacetylation degree (DD) is
defined as the distribution of amino groups in the chitosan
polymer chain. The activity of chitosan will differ according
to its molecular weight and degree of deacetylation (Iber et
al., 2022) 34, Based on the degree of deacetylation, chitosan
can be categorised as a higher degree of deacetylation (70-
99%) and a lower degree of deacetylation (55-70%) (Joseph
et al. 2021) B9, Chitosan having a higher deacetylation
degree will have a higher positive charge density when
compared with a lower deacetylation degree, which affords
strong antibacterial activity (Egorov et al. 2023) [18]

3. Solubility

The solubility of the chitosan was determined during the
deacetylation process by removing the acetyl group (Elsoud
et al., 2022) 21, Chitosan is readily soluble in diluted acids
such as acetic, formic, and lactic acid. Mostly 1% of acetic
acid is used (pH 4) (Abo Elsoud & El Kady, 2019) 2. The
amines become protonated and positively charged when
chitosan is dissolved in acidic solutions, producing soluble
chitosan. It becomes insoluble and loses its charge when the
pH rises to 6 or greater (Alemu et al., 2023) Bl. The pKa
value of chitosan is approximately 6.5, and about 50%
protonation of the chitosan amino groups renders the
molecules soluble in acidic environments (Edo et al. 2025)
(171 Chitosan having a higher degree of deacetylation, will
be more hydrophilic (Sharkawy et al. 2020) 331,

4. Zeta potential

The net charge of the particles or zeta potential reveals the
level of electrostatic attraction or repulsion between charged
particles (Warsito and Agustiani 2021). Ramanery et al.,
2013177 31 reported that the surface charge decreased as the
pH level increased, from +65 mV at pH 3.5 to around 0 mV
near pH 6.0.

5. Crystallinity

The functionality of chitosan is determined by its
crystallinity (HEMMAMI et al., 2024) BY. The crystalline
structure of the chitosan can be examined by X-ray
diffraction (XRD). It is also used to determine the
crystallinity index (CI), which gives the degree of purity of
chitosan (Elsoud et al., 2022) 3. The crystallinity index
was calculated using the following equation:

CI =Ti10-lam/ 1110 X 100

Where lan is the intensity of amorphous diffraction and 119
is the maximum intensity (EL Knidri et al. 2019) 29,
Chitosan with a higher CI will have a rough and uneven
surface, whereas lower CI chitosan will have an amorphous
area and a porous surface (HEMMAMI et al., 2024) B39,

6. SEM

The surface morphology of the chitosan was examined
using a Scanning Electron Microscope (SEM). It also
reveals their microstructure (Elsoud et al., 2022). Kumari et
al., 20172% 31 have reported that chitin from fish scales was
not in a regular form, but shrimp and crab shell chitin were
fibrillar and granular on the surface. Their chitosan was
found to have a smooth surface. The structure of chitosan
has been revealed through SEM to be far from uniform
depending on the parameters of extraction and processing,
the degree of deacetylation, and the origin. In general,
chitosan has rough and heterogeneous surface to smooth and
uniform surface structures. Some chitosan are granular or
flaky-like and have irregular edges, and others are solid and
continuous surfaces. (Khairi and Al-Aubadi 2023) 4. The
chitosan may have nanofibre, nanopores without nanofibers,
nanopores, nanofibers without nanopores, smooth and rough
surfaces (HEMMAMI et al., 2024) 39,

7. FT-IR

As per the literature, chitin is composed of three forms of
crystalline, alpha, beta and gamma. The amide I band is
used to differentiate between the alpha and beta forms. In
alpha form, the amide I band will break into two bands
between 1650 and 1620 cm’', whereas in beta form, the
amide I band has one area at 1656 cm™' (HEMMAMI et al.,
2024) B9 Alpha chitin is found in prawns, crabs and
lobsters and also in beetle shells and fungi cell walls, while
beta chitin is found in diatoms, molluscs and insects (Hou et
al. 2021) B2

Properties

The effective use of chitosan in different fields such as
agriculture, biomedicine, food industry and textile industry
depends on its properties (Elsoud et al., 2022) 23,
Physicochemical properties of chitosan will vary according
to their source and extraction process (Iber et al., 2022) 531,
Along with chitosan, its derivatives have expanded their
importance in various fields (HEMMAMI et al., 2024) B,
The physicochemical properties of chitosan mainly depend
on several factors such as Degree of Deacetylation (DD),
Molecular weight, solubility and Degree of crystallinity (El-
Araby et al., 2024) 21, Some of the biological properties of
chitosan, including nontoxicity, biodegradability,
antioxidant and antimicrobial activity, make it very useful
for biomedical applications (Zhao et al. 2018) %1,

1. Solubility

Chitin is insoluble in solvents, and deacetylation of chitin
results in chitosan solubility (Jiménez-Goémez and Cecilia
2020) B8, Chitosan is readily soluble in diluted acids such
as acetic, formic, and lactic acid. Mostly 1% of acetic acid is



used (pH 4) (Abo Elsoud & EI Kady, 2019) . The amines
become protonated and positively charged when chitosan is
dissolved in acidic solutions, producing soluble chitosan. It
becomes insoluble and loses its charge when the pH rises to
6 or greater. The solubility of the chitosan is greatly affected
by its DD, molecular weight, temperature and crystallinity
(Alemu et al., 2023) 8%, The degree of protonation of the -
NH, groups in the linear molecular chain increases with
chitosan's DD, facilitating its dissolution in acidic aqueous
conditions (El-Araby et al., 2024) 21, For better solubility
of chitosan, the degree of deacetylation should exceed 85%.
The solubility of the chitosan can be improved by
Carboxymethylation. Similarly, the solubility can be
increased by quaternization of chitosan (Jiménez-Gomez
and Cecilia 2020) 3%,

2. Viscosity

Viscosity is the determining factor for the polymer’s
stability in solution. It depends on the DD and molecular
weight of chitosan. Viscosity increases with an increase in
DD and a decrease in molecular weight. It is also particle
size and chitosan storage time dependent (Alemu et al.,
2023) 1801,

3. Biocompatibility

Chitosan is a biocompatible polymer because of its
structural and functional resemblance to
glycosaminoglycans found in the body’s extracellular
matrix (Harugade et al. 2023) 281 Biocompatibility of
chitosan is a wvital property needed in biomedical
applications. Biocompatibility is correlated with chitosan’s
DD. Chitosan with higher DD shows higher inflammatory
responses than lower DD chitosan, revealing a slower
degradation time (Kolodziejska et al. 2021). It makes
chitosan an ideal compound for the application in anti-
inflammatory treatment (Zosangpuii and Sudheer 2024) [101],

4. Biodegradability

Chitosan is a biodegradable polymer that produces nontoxic
byproducts. Its degradation rate is vastly dependent on its
molecular weight and DD. These factors make chitosan a
suitable material for biomedical use. Chitosan degradation is
mainly in vivo by enzymatic reaction, usually lysozyme is
used (Matica et al. 2017) B8, Biodegradable chitosan is
emerging as a sustainable alternative to non-biodegradable
polymers across various applications (Yarahmadi er al.
2024) BY. The rate of biodegradation increases as the
crystallinity decreases. Chitosan with smaller chains
degrades more effectively than the high-mass chitosan
(Kotodziejska et al. 2021).

5. Antibacterial activity

Chitosan is known for its antibacterial properties. It is
effective against both Gram-positive and Gram-negative
bacteria. The antibacterial activity of the chitosan can be
determined by various factors such as DD, molecular
weight, concentration, source, pH and storage temperature.
The mode of action of the antimicrobial activity of chitosan
is its interaction with the cell wall, cell membrane and
cytoplasmic constituents of bacteria (El-Araby et al., 2024)
(221 Tt is based on chitosan’s cationic nature, where the
chitosan binds and interacts with DNA transcription and
mRNA synthesis (Cheung et al. 2015) U3, A better
antibacterial activity was seen with chitosan with a low

deacetylation degree and low pH. Reduction in molecular
weight will boost the activity against gram-negative bacteria
and lower the activity against gram-positive bacteria (Zhao
et al. 2018) P’ The interaction of chitosan with gram-
negative bacteria will enhance the cell wall permeability,
causing cell membrane rupture and cell lysis. The absence
of an outer membrane for gram-positive bacteria makes the
chitosan diffuse directly to the bacterial cell wall. Thus, the
antibacterial activity is more effective in gram-positive
bacteria when compared with gram-negative bacteria (EI-
Araby et al., 2024) 22, Chitosan’s antibacterial activity has
extended its application in various fields such as textiles,

food, the cosmetic industry, and others (Aranaz et al., 2021)
[8]

6. Antifungal property

Similar to bacteria, chitosan exhibits antifungal activity
against various fungi. The antifungal activity of chitosan can
be controlled by the DD and the molecular weight. Chitosan
can penetrate cell walls and inhibit DNA/RNA and protein
synthesis (El-Araby et al., 2024) 2. Chitosan shows
fungistatic activity. It has been reported that chitosan is very
effective in preventing spore germination, germ tube
elongation and radial growth (Goy et al. 2009) 21, It also
interferes with ribosome synthesis and glycerophospholipid
metabolism (Alemu et al., 2023) Bl Usually, 1-5% of
chitosan has been more effective for antifungal activity (El-
Araby et al., 2024) 22,

7. Antiviral property

Chitosan is well known for its antimicrobial activity, but its
antiviral activity is not completely documented (Akbari et
al. 2022) ™. Chitosan reduces the infection process, likely
by preventing replication (Lizardi-Mendoza et al. 2016) 51,
Jaber et al., 20223 reported that studies showing chitosan
with antiviral activity increase with a decrease in molecular
weight and chitosan with high molecular weight shows
higher antiviral activity.

8. Antioxidant property

Chitosan is well known for its intense and potent antioxidant
activity. Chitosan’s antioxidant activity was recognized by
its well-established hydrogen-donating capacity. The better
antioxidant activity was found in chitosan with a low
molecular weight (El-Araby et al, 2024) P2 The
antioxidant activity of chitosan was associated with its
molecular weight, viscosity, and concentration (Yarahmadi
et al. 2024) BY, Chitosan plays a vital role in free radical
scavenging by inhibiting the oxidative damage produced by
free radicals. By interrupting the oxidation chain reaction,
chitosan’s antioxidant mechanism defends the host from
oxidative damage (Muthu et al. 2021) [641,

9. Anti-inflammatory property

Chitosan exhibits a wide range of anti-inflammatory
activity. It reduces inflammation through regulating
cytokine expression, immune responses and scavenging free
radicals (Zosangpuii and Sudheer 2024) 1'%, Depending on
the concentration, administration and dosage, chitosan may
have either pro- or anti-inflammatory effects. Chitosan
triggers the inflammatory response by activating the innate
immune system, which contains macrophages, neutrophils,
and dendritic cells. It also activates the pro-inflammatory
cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6),



and tumour necrosis factor. Pro-inflammatory response
induces the growth of new blood cells and movement of
immune cells to the damaged site, making it useful for
wound healing (Mawazi et al., 2024) 5%,

10. Wound healing

Generally, wound healing involves four stages: hemostasis,
inflammation, proliferation and remodelling. It is a complex
process because of the large wound area, high dehydration,
long healing period, reoccurrence of wound site injury, and
microbial contamination risk. Chitosan exhibits its wound-
healing property through haemostasis, antimicrobial
activity, free radical scavenging activity and regulation of
inflammatory response. Chitosan’s positive charge will
promote the accumulation of negatively charged
erythrocytes and platelets, as well as plasma proteins such
as fibrinogen. These interactions are involved in blood
aggregation and hemostasis (Loo et al. 2022) B3],

11. Anti-biofilm property

When compared with planktonic cells, microbes that form
biofilms are more resistant to antibiotics (Zhang et al. 2013)
(8] Chitosan’s distinct antibiofilm property is mostly due to
its polycationic nature. It is expected that the positively
charged chitosan will electrostatically interact with the
negatively charged proteins, DNA and extracellular
polymeric substance (EPS) in the biofilm to restrict the
growth of microbes (Khan et al. 2020) 41,

Applications of Chitosan

Chitosan has received significant scientific and commercial
consideration because of its non-toxicity, biocompatibility,
biodegradability, and antimicrobial activity. These intrinsic
properties make chitosan suitable for a vast application,
especially in biomedical, textile, food, agriculture,
pharmaceuticals, waste wastewater treatment (HEMMAMI
et al., 2024) 3%,

1. Biomedical

Chitosan is employed as a coating on traditional biological
material and has a positive influence on the acceleration of
wound healing (Yadav et al. 2024) P31 Chitosan wound
dressing has been developed in the form of hydrogel, films,
membranes, and scaffolds. Chitosan hydrogels are mainly
used for maintaining the moisture condition around the
wound site and also provide antimicrobial activity (Ul-Islam
et al. 2024) B8 Chitosan hydrogel impregnated with silver
nanoparticles can significantly increase the antimicrobial
and antioxidant activity and also promote wound healing.
The antimicrobial, antioxidant and immunomodulatory
activities of chitosan inhibit wound infections and enhance
healing through tissue regeneration, offering an effective
wound dressing material (Xia et al. 2022) 1. Chitosan
films are placed on the wound site for the treatment process.
It inhibits the infection and promotes wound healing by
making the wound site wet, cell proliferation and migration
(Mawazi et al., 2024) I,

Chitosan is an excellent option for modifying biopolymers
to regulate the release of lower and higher molecular weight
drugs from different drug release systems, because its
positive charge will bind with negatively charged drugs and
excipients (Padhi et al. 2022) "', Chitosan nanocomposites
are used for drug delivery to treat cancer and osteoarthritis
(Kedir et al. 2022) ™. Chitosan is an effective carrier of

anti-infective drugs because it depends on mucosal
membranes and can extend the therapeutic action by
slowing down the biodegradation rate (Xia et al. 2022) 3,
In tissue engineering, chitosan serves as an ideal biomaterial
for creating extracellular tissue matrices and has also shown
interest in the treatment of haemodialysis and renal failure
(Ul-Islam et al. 2024) 81 Chitosan shows structural
resemblance to glycosaminoglycans found in the
extracellular matrix of various human organs (Yadav et al.
2024) P31 Additionally, for cartilage tissue engineering,
chitosan scaffolds are used as a substitute for synthetic cell
scaffolds (Morin-Crini et al., 2019) [63],

In addition to initial anti-adhesive properties, a highly
effective antimicrobial coating should have prolonged
prophylactic and antimicrobial activity. The combination of
chitosan with antimicrobial agents has been studied as an
ideal option to increase the effectiveness of existing drugs
(Teixeira-Santos et al. 2021) 31, According to the findings
of Tin et al., (2009) ®7, using chitosan in combination with
antibiotic agents can help to treat the multi-drug resistant
strains. Chitosan has been used for protecting orthopaedic
implants and catheters from Streptococci sp., Pseudomonas
aeruginosa and from infectious biofilm-forming methicillin-
resistant Staphylococcus aureus (MRSA). Additionally,
chitosan coating on the implant surface made up of stainless
steel, titanium alloy and pure titanium can significantly
reduce the number of viable biofilms of Staphylococcus
aureus and Staphylococcus epidermidis (Khan et al. 2020)
[46]

Chitosan has a wider range of properties that are crucial in
the development of superior contact lenses. These properties
include anti-allergenicity, wetness, mechanical durability
and transparency to light and air (Yadav et al. 2024) 3

2. Environment

As an environmentally friendly biopolymer, chitosan is also
suggested for water purification and clarification,
wastewater treatment, remediation, sludge dewatering, and
membrane filtration (Morin-Crini et al., 2019) 2], Chitosan
is used to eliminate numerous environmental contaminants,
including both organic and inorganic. Furthermore, chitosan
can be used to eliminate dyes like methylene blue and
methylene violet (Reshad ef al. 2021). Elzahar & Bassyouni,
202304 781 reveal that chitosan showed effectiveness in
removing direct blue 78 dye from wastewater. It achieves
high removal efficiency (up to 94.2%). Chitosan is used as a
chelating agent to remove heavy metals such as Cu, Pb, Cd,
and Hg from wastewater to purify water. It can be used to
recover rare and precious metals at a high economic rate
(Niu and Hu 2024) %81 Chitosan can be applied in
flocculation and coagulation in water treatment and can also
be used in pre-treating seawater for the desalination process
(Pal et al. 2021) 31 Oil spills may be removed more easily
with chitosan because it keeps the oil mass together.
Chitosan, a naturally occurring polyamine, is used as a
substitute for amino-functionalized polymers in CO; fixation
(Bakshi et al. 2020) Pl Chitosan may also enhance soil's
physical and chemical characteristics, which support soil's
structural property and water retention. This can increase
soil fertility and self-purification and provide a more ideal
growing environment for plants (Niu and Hu 2024) 1841,

3. Agriculture

Chitosan’s antimicrobial, anti-insecticidal, non-toxic and
biodegradable qualities make it suitable for use in
agriculture (Reshad ef al. 2021) "8, Chitosan has been used
as a plant regulator, fertilizer, antiviral agent and



preservative for agricultural products. In recent years,
chitosan has been effectively applied to soil erosion, plant
protection, growth promotion and enhancement of
secondary metabolites (Bakshi et al. 2020) 1. Chitosan has
been used to protect plants from plant-pathogenic bacteria.
It has a great possibility for use as a biopesticide. It may be
used as a spray, a root-applied agent. These actions play an
ideal role in plant disease control and stress resistance
(Morin-Crini et al., 2019) 621, Applying chitosan to plant
roots by mixing it with soil or adding it to the hydrophobic
solution was likely to act as a bio-stimulant, promoting
overall plant growth and also increasing crop production
(Suwanchaikasem et al. 2024). According to Khairy et al.
(2022) 15 84 chitosan is an effective and eco-friendly agent
to prevent bacterial wilt in potatoes and tomatoes. It
pointedly reduces the severity of infection and promotes
plant growth, making it a potential biopesticide alternative
to chemical pesticides.

4. Food

The US Food and Drug Administration has approved
chitosan as a food additive, dietary fibre and nutritional
ingredient. Due to its bioactive properties, Chitosan is
utilised as an antioxidant, antimicrobial agent and
antimicrobial coating on fruit and vegetables, in
anticholesterolemic diet products and nutraceuticals (Morin-
Crini et al., 2019) 9?1, To ensure food safety against a broad
range of pathogenic microbes, chitosan can be combined
with other natural antimicrobial agents. Chitosan can be
used as an active food packaging agent by coating a thin
edible film over the food (Cazén and Vazquez 2019) [2,
The most promising use of chitosan for increasing the shelf
life of food is in edible film coating. Many research studies
on the coating of chitosan blended with other polymers that
create films have maintained the coating’s non-toxicity,
biodegradability, compatibility with food items and
functional properties. Chitosan can be utilised to clarify
drinks from solid suspended particles that include proteins,
polysaccharides, minerals and polyphenols. Fruit juices,
wines, beer and purification of drinking water can be
successfully clarified wusing chitosan (Kabanov and
Novinyuk 2020) M. The study on the effectiveness of
preserving strawberries using chitosan-based edible coatings
enhanced with apple peel polyphenols (APP) was carried
out by Riaz et al., (2021) 1. According to the studies, APP-
enhanced chitosan-based coatings effectively increased the
shelf life and preserved strawberry quality.

5. Textile

Chitosan is used in textiles because of its non-toxic,
antibacterial, biocompatible and biodegradable properties. It
improves functionality and environmental friendliness in
textiles by acting as a sustainable substitute for synthetic
polymers (Chandran et al. 2024) '3, In the textile industry,
chitosan has been used as an environmentally friendly
finishing agent in producing valuable functional fabrics. It
has been used in textile dyeing, antibacterial, anti-wrinkle
and antistatic finishing (Xiao 2018) 4,

A large proportion of chitosan is made up of amino groups,
which improves the number of dye sites for anionic dyes
(such as direct, acid and reactive dyes) by the treatment of
chitosan with fabrics through electrostatic forces and van
der Waals forces (Zhou et al. 2019) 1% Thereby, in salt-
free dye baths, chitosan can enhance the textile tinctorial

qualities, especially their affinity for anionic dyes, colour
endurance and fastness (Elamri et al. 2023) 2, As a
finishing agent, chitosan is mainly focused on its
antibacterial properties. Only a few chitosan-based
antibacterial finishing products are on the market (Hahn et
al. 2020) 61, Chitosan is additionally utilised to provide a
long-lasting textile finish that improves its qualities. The use
of anti-odour fabrics has grown, probably as a result of
increased consumer health concerns, particularly in textiles
such as sportswear, underwear, socks and shoes (Elamri et
al. 2023) U The fabric’s anti-wrinkle property was
enhanced by being finished with chitosan. The fabric was
finished using a dipping-rolling-baking method in the
chitosan solution. The chitosan solution gets into the fabric
to create a water-insoluble layer on the surface, making the
fabric stronger and less deformable (Zhou et al. 2019) [0,
The most common use of chitosan in textiles is
antimicrobial finishing. Chitosan is utilised, individually or
in combination with other antimicrobial agents, to provide
various textile products (Patankar ef al. 2022) 3. The
antimicrobial property of chitosan-coated fabric was
enhanced by binding it with another antimicrobial agent like
nisin. This binding performs efficiently against various
bacteria and is durable even after several washing cycles,
making it appropriate for medical applications (Mirhosseini
et al. 2023) [°11, Polyester fabric is prone to static electricity,
which makes the fabric stick to the skin. The need for
antistatic finishing fabric is an interesting topic in the textile
industry.  Chitosan-finished fabric shows antistatic
properties due to the existence of NH3" groups and stronger
polar groups (hydroxyl groups and amino groups), which
allow ion conduction and water absorption. As a result, a
formation of stable water film forms on the surface of the
fabric. The water film enhances the surface conductivity of
the fibres by dissolving CO, and electrolytes, aiding in static
charge (Xiao 2018) Y. Chitosan with exceptional moisture
content will have a strong antistatic property. Chitosan is
fixed onto the fabric to produce an antistatic fabric (Roy et
al. 2017) 81, Textiles can be surface modified with chitosan
to develop highly reactive surfaces with several features that
include deodorizing, flame retardancy, antistatic property,
shrink resistance, water repellency, UV protection and
antimicrobial and antiviral activities (Elamri et al. 2023) 211,

6. Other applications

Chitosan coatings are mostly employed in surgery; however,
they can find use in the dental field due to their ability to
enhance tissue healing and stabilise implants and
membranes. In particular, chitosan coatings are used in
dental implantation (Paradowska-Stolarz et al. 2023) 74,
Chitosan, being an effective biomimetic, can be used as a
remineralising agent (Noaman et al. 2020) % Using
chitosan as an animal feed additive boosts the antibacterial,
antioxidant and antistress properties, regulating the
immunological response and improving the gut microbiota
of animals (Abd El-Ghany 2023) [!. In lithium-ion batteries,
chitosan has been used as a polymeric binder for silicon
graphite anodes and as an operational additive and binder
for powerful lithium-sulfur batteries (Mayrén et al. 2024)
(0], Chitosan has also been found to be useful in wood
protection, either as a single protective agent or as a
multicomponent solution. Chitosan with high molecular
weight reduces leaching and is a fungal resistance in treated
wood (Wozniak er al. 2022) P!, Chitosan’s antibacterial



activity has led to its function as an antifouling agent. On
the other hand, chitosan paint considerably lowered the
density of microfouling on a sea glider’s surface (Kumar et
al. 2019) B9 Chitosan can be a strong, eco-friendly
corrosion inhibitor by binding to metal surfaces, making it a
high-potential anticorrosive agent. The corrosive property of
chitosan can be enhanced by its functionalised form and

composites in various corrosive conditions (El Ibrahimi et
al. 2021) 191, Chitosan is also quite useful in cosmetics due
to its compatibility. Chitosan has been revalorising hair,
lips, teeth and skin care by providing a natural and safe
product for consumers’ personal use (Morin-Crini et al.,
2019) 162
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Fig 3: Various applications of chitosan and their uses

Limitations

Chitosan has gained much attention because of its
characteristics and potential applications. However, chitosan
is poorly soluble in basic and neutral solvents, which has
restricted its use in these conditions (Aranaz et al. 2021) 1,
Chitosan’s usage in drug delivery systems has been affected
by its high hydrophilicity, thermal stability, ductility and
swelling degree (Jafernik et al. 2023) B¢, The chitosan
extraction from crustaceans itself has its limitations, such as
the raw material supply, being seasonal and localized. In
addition, the extraction process is time-consuming,
expensive and requires caustic chemicals (Alemu et al.,
2023) Bl Mild to severe allergic reactions can occur from
the crustacean chitosan source (Almeida et al. 2023) U4,
Chitosan’s positive charge was affected by food components
such as NaCl, proteins and starch, making -chitosan
neutralised. As a result, chitosan’s antimicrobial efficacy in
food is usually reduced (Hu and Génzle 2019) ['2],

Conclusion

Chitosan, a polycationic natural biopolymer extracted from
chitin, is emerging as a promising biopolymer with a wide
range of applications due to its potential physicochemical
properties, including non-toxicity, biodegradability,
biocompatibility and antimicrobial activity. This review

highlighted its primary source, extraction process,
characterisation, properties and broad application ranging
from biomedical and environmental to agricultural and
textile. Even though chitosan has its versatile properties and
applications as mentioned in this review, there are still
challenges in working, including solubility in neutral and
basic pH, mechanical strength and purification methods.
Future research on chitosan should attempt to develop more
effective modification methods. Chitosan-based systems are
needed to produce advanced 3D  bioprinting,
nanotechnology and targeted drug delivery systems.
Additionally, chitosan can be combined with other natural
or synthetic polymers to enhance its physicochemical
properties. Furthermore, standardisation of extraction and
purification methods is required for mass production in the
industrial field. Chitosan is a sustainable and eco-friendly
substance with potential properties that contribute to various
scientific and industrial applications.

Credit Authorship Contribution Statement

Thangarajan and  Vinitha were responsible for
conceptualization, data curation, formal analysis, drafting
communication, and reviewing and editing the manuscript.
Muthukrishnan and Rajendran were accountable for
conceptualization, data curation, formal analysis, drafting,



supervision,

validation, review, and editing of the

manuscript.

Conflict of interest
On behalf of all authors, the corresponding author states that
there is no conflict of interest.

Funding

No funding was received for conducting this study. The
authors have no relevant financial or non-financial interests
to disclose.

Reference

1.

10.

11.

12.

Abd El-Ghany WA. Chitosan: a promising natural
polysaccharide feed additive in poultry production
systems. Iranian Journal of Veterinary
Research,2023:24:301-312.

Abo Elsoud MM, El Kady EM. Current trends in fungal
biosynthesis of chitin and chitosan. Bulletin of the
National Research Centre, 2019, 43.
https://doi.org/10.1186/s42269-019-0105-y

Afroz MM, Kashem MNH, Piash KMPS, Islam N.
Saccharomyces cerevisiae as an Untapped Source of
Fungal Chitosan for Antimicrobial Action. Applied
Biochemistry and Biotechnology, 2021, 193.
https://doi.org/10.1007/s12010-021-03639-0

Akbari A, Bigham A, Rahimkhoei V, et al. Antiviral
Polymers: A Review. Polymers, 2022, 14.

Alemu D, Getachew E, Mondal AK. Study on the
Physicochemical Properties of Chitosan and their
Applications in the Biomedical Sector. International
Journal of Polymer Science, 2023.

Al-Hasan Hamdan IA, Alhnon FJ, Al-Hasan Hamdan
AA. Extraction, characterization and bioactivity of
chitosan from farms shrimps of Basra province by
chemical method. Journal of Physics: Conference
Series, 2020.

Almeida RR, Pinto NAR, Soares IC, et al. Production
and physicochemical properties of fungal chitosans
with efficacy to inhibit mycelial growth activity of
pathogenic fungi. Carbohydrate
Research,2023:525:108762.
https://doi.org/10.1016/J.CARRES.2023.108762
Aranaz I, Alcantara AR, Civera MC, et al. Chitosan:
An overview of its properties and applications.
Polymers, 2021, 13.

Bakshi PS, Selvakumar D, Kadirvelu K, Kumar NS.
Chitosan as an environment friendly biomaterial — a
review on recent modifications and applications.
International Journal of Biological
Macromolecules,2020:150:1072-1083.

Bhandari H, Ruhi G, Gaba R, et al. Eco-friendly
Magnetic Biopolymer Nanocomposites for Removal of
Organic Dye/Heavy Metals from Waste Water.
Vantage: Journal of Thematic Analysis,2020:17-31.
https://doi.org/10.52253/vjta.2020.v01i01.03

Casadidio C, Peregrina DV, Gigliobianco MR, et al.
Chitin and Chitosans: Characteristics, Eco-Friendly
Processes, and Applications in Cosmetic Science.
Marine Drugs,2019:17:369.
https://doi.org/10.3390/md17060369

Cazon P, Vazquez M. Applications of Chitosan as Food
Packaging Materials, 2019, 81-123.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Chandran D, Rajalingam S, Viswanathan M, et al.
Application of Chitosan in Textiles. In: Chitin and
Chitosan. Jenny Stanford Publishing,2024:321-349.
Cheraghi E, Kababian M, Moradi-Asl E, et al. Structure
and Antibacterial activity of Chitosan from the
American Cockroach, the German Cockroach and the
Mealworm Beetle. Journal of Arthropod-Borne
Diseases, 2023.
https://doi.org/10.18502/jad.v16i4.12190

Cheung RCF, Ng TB, Wong JH, Chan WY. Chitosan:
An update on potential biomedical and pharmaceutical
applications. Marine Drugs,2015:13:5156-5186.
Danarto YC, Distantina S. Optimizing deacetylation
process for chitosan production from green mussel
(Perna viridis) shell, 2016, 030028.

Edo GI, Ndudi W, Ali ABM, et al. Chitosan: An

overview of its properties, solubility, functional
technologies, food and health  applications.
Carbohydrate Research,2025:550:1094009.

https://doi.org/10.1016/J.CARRES.2025.109409
Egorov AR, Kirichuk AA, Rubanik VV, ef al. Chitosan
and Its Derivatives: Preparation and Antibacterial
Properties. Materials, 2023, 16.

El Ibrahimi B, Guo L, Verger Nardeli J, Oukhrib R.
The Application of Chitosan-Based Compounds against
Metallic Corrosion. In: Chitin and Chitosan -
Physicochemical Properties and Industrial Applications.
IntechOpen, 2021.

EL Knidri H, Dahmani J, Addaou A, ef al. Rapid and
efficient extraction of chitin and chitosan for scale-up

production:  Effect of process parameters on
deacetylation  degree and molecular  weight.
International Journal of Biological

Macromolecules,2019:139:1092-1102.
https://doi.org/10.1016/j.ijbiomac.2019.08.079

Elamri A, Zdiri K, Hamdaoui M, Harzallah O.
Chitosan: A biopolymer for textile processes and
products. Textile Research Journal,2023:93:1456—1484.
El-Araby A, Janati W, Ullah R, et al. Chitosan,
chitosan derivatives, and chitosan-based
nanocomposites: eco-friendly materials for advanced
applications (a review). Frontiers in Chemistry, 2024,
11. https://doi.org/10.3389/fchem.2023.1327426

Elsoud MMA, Elmansy EA, Abdelhamid SA.
Economic and Non-Seasonal Source for Production of
Chitin and Chitosan. Journal of Chemical
Reviews,2022:4:222-240.
https://doi.org/10.22034/jcr.2022.342454.1173

Elzahar MMH, Bassyouni M. Removal of direct dyes
from wastewater using chitosan and polyacrylamide
blends. Scientific Reports, 2023, 13.
https://doi.org/10.1038/s41598-023-42960-y

Goy RC, Britto D de, Assis OBG. A review of the
antimicrobial activity of chitosan.
Polimeros,2009:19:241-247.
https://doi.org/10.1590/S0104-14282009000300013
Hahn T, Bossog L, Hager T, ef al. Chitosan Application
in Textile Processing and Fabric Coating, 2020.
Handayani L, Syahputra F, Astuti Y. Utilization and
Characterization of Oyster Shell as Chitosan and
Nanochitosan. Jurnal Kimia Sains dan
Aplikasi,2018:21:224-231.
https://doi.org/10.14710/jksa.21.4.224-231



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Harugade A, Sherje AP, Pethe A. Chitosan: A review
on properties, biological activities and recent progress
in biomedical applications. Reactive and Functional
Polymers,2023:191:105634.
https://doi.org/10.1016/J.REACTFUNCTPOLYM.2023
.105634

Hegde S, Subbalaxmi Selvaraj. Chitosan: An In-Depth
Analysis of Its Extraction, Applications, Constraints,
and Future Prospects. Journal of Microbiology,
Biotechnology and Food Sciences, 2024, el0563.
https://doi.org/10.55251/jmbfs.10563

Hemmami H, Ben Amor I, Ben Amor A, et al.
Chitosan, Its Derivatives, Sources, Preparation
Methods, and Applications: A Review. Journal of the
Turkish Chemical Society Section A:
Chemistry,2024:11:341-364.
https://doi.org/10.18596/jotcsa.1336313

Hisham F, Maziati Akmal MH, Ahmad F, et al.
Biopolymer chitosan: Potential sources, extraction
methods, and emerging applications. Ain Shams
Engineering Journal, 2024, 15.

Hou J, Aydemir BE, Dumanli AG. Understanding the
structural diversity of chitins as a versatile biomaterial.
Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences,
2021, 379.

Hu Z, Génzle MG. Challenges and opportunities related
to the use of chitosan as a food preservative. Journal of
Applied Microbiology,2019:126:1318-1331.
https://doi.org/10.1111/jam.14131

Iber BT, Kasan NA, Torsabo D, Omuwa JW. A review
of various sources of chitin and chitosan in nature.
Journal of Renewable Materials,2022:10:1097-1123.
Jaber N, Al-Remawi M, Al-Akayleh F, et al. A review
of the antiviral activity of Chitosan, including patented
applications and its potential use against COVID-19.
Journal of Applied Microbiology,2022:132:41-58.
Jafernik K, Ladniak A, Blicharska E, et al. Chitosan-
Based Nanoparticles as Effective Drug Delivery
Systems—A Review. Molecules,2023:28:1963.
https://doi.org/10.3390/molecules28041963

Jantzen da Silva Lucas A, Quadro Oreste E, Ledo
Gouveia Costa H, et al. Extraction, physicochemical
characterization, and morphological properties of chitin
and chitosan from cuticles of edible insects. Food
Chemistry,2021:343:128550.
https://doi.org/10.1016/j.foodchem.2020.128550
Jiménez-Goémez CP, Cecilia JA. Chitosan: A Natural
Biopolymer with a Wide and Varied Range of
Applications. Molecules, 2020, 25.

Joseph SM, Krishnamoorthy S, Paranthaman R, ef al. A
review on source-specific chemistry, functionality, and
applications of chitin and chitosan. Carbohydrate
Polymer Technologies and Applications, 2021, 2.
Kabanov VL, Novinyuk LV. Chitosan Application in
Food Technology: A Review of Recent Advances.
Food Systems,2020:3:10-15.

Kadak AE, Kiiciikgiilmez A, Celik M. Preparation and
Characterization of Crayfish (Astacus leptodactylus)
Chitosan with Different Deacetylation Degrees. Iranian
Journal of Biotechnology,2023:21:87-94.
https://doi.org/10.30498/ijb.2023.323958.3253

Kaur S, Dhillon GS. The versatile biopolymer chitosan:
Potential sources, evaluation of extraction methods and

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

applications. Critical Reviews in
Microbiology,2014:40:155-175.

Kedir WM, Abdi GF, Goro MM, Tolesa LD.
Pharmaceutical and drug delivery applications of
chitosan biopolymer and its modified nanocomposite:
A review. Heliyon, 2022, 8.

Khairi WA, Al-Aubadi IM. Study of the optimum
conditions to prepare chitosan from Iraqi shrimp wastes
and some of it is physicochemical and functional
properties. Bionatura, 2023, 8.
https://doi.org/10.21931/RB/CSS/2023.08.04.30
Khairy AM, Tohamy MRA, Zayed MA, et al. Eco-
friendly application of nano-chitosan for controlling
potato and tomato bacterial wilt. Saudi Journal of
Biological Sciences,2022:29:2199-2209.
https://doi.org/10.1016/].sjbs.2021.11.041

Khan F, Pham DTN, Oloketuyi SF, ef al. Chitosan and
their derivatives: Antibiofilm drugs against pathogenic
bacteria. Colloids and Surfaces B:
Biointerfaces,2020:185.

Kolodziejska M, Jankowska K, Klak M, Wszota M.
Chitosan as an underrated polymer in modern tissue
engineering. Nanomaterials, 2021, 11.

Kozma M, Acharya B, Bissessur R. Chitin, Chitosan,
and  Nanochitin:  Extraction,  Synthesis, and
Applications. Polymers,2022:14:3989.
https://doi.org/10.3390/polym14193989

Krake S, Conzelmann C, Heuer S, et al. Production of
chitosan from Aspergillus niger and quantitative
evaluation of the process using adapted analytical tools.
Biotechnology and Bioprocess
Engineering,2024:29:942-954.
https://doi.org/10.1007/s12257-024-00124-3

Kumar S, Ye F, Dobretsov S, Dutta J. Chitosan
Nanocomposite Coatings for Food, Paints, and Water
Treatment Applications. Applied
Sciences,2019:9:2409.
https://doi.org/10.3390/app9122409

Kumari S, Kumar Annamareddy SH, Abanti S, Kumar
Rath P. Physicochemical properties and
characterization of chitosan synthesized from fish
scales, crab and shrimp shells. International Journal of
Biological Macromolecules,2017:104:1697—-1705.
https://doi.org/10.1016/j.ijbiomac.2017.04.119

Lalit Mahatma NAM. Extraction and Characterization
of Chitosan by Simple Technique from Mud Crabs.
International Journal of Current Microbiology and
Applied Sciences,2021:10:513-518.
https://doi.org/10.20546/ijcmas.2021.1006.055

Lee YH, Kim SC, Nam KD, et al. Chitosan isolated
from black soldier flies Hermetia illucens: Structure
and enzymatic hydrolysis. Process
Biochemistry,2022:118:171-181.
https://doi.org/10.1016/j.procbio.2022.04.020

Leen Bastiaens LSED, KE. Sources of Chitin and
Chitosan.

Lizardi-Mendoza J, Argiielles Monal WM, Goycoolea
Valencia FM. Chemical Characteristics and Functional
Properties of Chitosan. In: Chitosan in the Preservation
of Agricultural Commodities. Elsevier,2016:3-31.

Loo HL, Goh BH, Lee LH, Chuah LH. Application of
chitosan-based nanoparticles in skin wound healing.
Asian Journal of Pharmaceutical
Sciences,2022:17:299-332.



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Mahdy Samar M, El-Kalyoubi MH, Khalaf MM, Abd
El-Razik MM. Physicochemical, functional, antioxidant
and antibacterial properties of chitosan extracted from
shrimp wastes by microwave technique. Annals of
Agricultural Sciences,2013:58:33-41.
https://doi.org/10.1016/j.a0as.2013.01.006

Matica A, Menghiu G, Ostafe V. Biodegradability of
Chitosan Based Products. Annals of West University of
Timisoara Series of Chemistry,2017:26:75-86.

Mawazi SM, Kumar M, Ahmad N, et al. Recent
Applications of Chitosan and Its Derivatives in
Antibacterial, Anticancer, Wound Healing, and Tissue
Engineering Fields. Polymers, 2024, 16.

Mayrén A, Alcaraz-Espinoza JJ, Hernandez-Sanchez A,
et al. Chitosan binders for sustainable lithium-sulfur
batteries: Synergistic effects of mechanical and
polysulfide trapping properties.  Electrochimica
Acta,2024:480:143917.
https://doi.org/10.1016/j.electacta.2024.143917
Mirhosseini M, Afzali M, Molla Hoseini H,
Khaleghizadeh S. Evaluation of Antimicrobial Effects
of Nisin/Chitosan Composite on Cotton Fabric Textile.
Avicenna Journal of Clinical Microbiology and
Infection,2023:10:58—64.
https://doi.org/10.34172/ajcmi.3477

Morin-Crini N, Lichtfouse E, Torri G, Crini G.
Applications of chitosan in food, pharmaceuticals,
medicine, cosmetics, agriculture, textiles, pulp and
paper, biotechnology, and environmental chemistry.
Environmental Chemistry Letters,2019:17:1667-1692.
Morin-Crini N, Lichtfouse E, Torri G, Crini G.
Fundamentals and Applications of Chitosan, 2019, 49—
123.

Muthu M, Gopal J, Chun S, ef al. Crustacean waste-
derived chitosan: Antioxidant properties and future
perspective. Antioxidants,2021:10:1-27.

Nafary A, Mousavi Nezhad SA, Jalili S. Extraction and
Characterization of Chitin and Chitosan from Tenebrio
molitor Beetles and Investigation of Its Antibacterial
Effect Against Pseudomonas aeruginosa. Advanced
Biomedical Research, 2023, 12.
https://doi.org/10.4103/abr.abr 205 22

Naghib SM, Hosseini SN, Beigi A. 3D 4D printing of
chitosan-based  scaffolds for wound dressing
applications. Carbohydrate Polymer Technologies and
Applications,2024:8:100594.
https://doi.org/10.1016/j.carpta.2024.100594

Ngasotter S, Xavier KAM, Meitei MM, et al.
Crustacean shell waste derived chitin and chitin
nanomaterials for application in agriculture, food, and
health — A review. Carbohydrate Polymer Technologies
and Applications,2023:6:100349.
https://doi.org/10.1016/j.carpta.2023.100349

Niu Y, Hu W. Preparation, characterization and
application in environmental protection of low-
molecular-weight chitosan: a review. Sustainable
Environment Research, 2024, 34.

Noaman KM, Al-Samoly WM, Al-Hariri AA-KH.
Evaluation of the Degree of Remineralization of
Subclinical Carious Lesions Using Chitosan and
Conventional Remineralizing Agents (An in vitro
Study). Egyptian Journal of Hospital
Medicine,2020:78:182—189.
https://doi.org/10.21608/ejhm.2020.69376

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Omar BA, Elmasry R, Eita A, et al. Upgrading the
preparation of high-quality chitosan from Procambarus
clarkii wastes over the traditional isolation of shrimp
chitosan. Saudi Journal of Biological
Sciences,2022:29:911-919.
https://doi.org/10.1016/j.sjbs.2021.10.014

Padhi S, Behera A, Hasnain MS, Nayak AK. Uses of
chitosan in drug delivery. Chitosan in Biomedical
Applications, 2022, 139-162.
https://doi.org/10.1016/B978-0-12-821058-1.00015-0
Pakizeh M, Moradi A, Ghassemi T. Chemical
extraction and modification of chitin and chitosan from
shrimp shells. European Polymer
Journal,2021:159:1107009.
https://doi.org/10.1016/j.eurpolym;.2021.110709

Pal P, Pal A, Nakashima K, Yadav BK. Applications of
chitosan in environmental remediation: A review.
Chemosphere, 2021, 266.

Paradowska-Stolarz A, Mikulewicz M, Laskowska J, et
al. The Importance of Chitosan Coatings in Dentistry.
Marine Drugs,2023:21:613.
https://doi.org/10.3390/md21120613

Patankar KC, Biranje S, Pawar A, ef al. Fabrication of
chitosan-based finishing agent for flame-retardant, UV-
protective, and antibacterial cotton fabrics. Materials
Today Communications,2022:33:104637.
https://doi.org/10.1016/j.mtcomm.2022.104637

Pellis A, Guebitz GM, Nyanhongo GS. Chitosan:
Sources, Processing and Modification Techniques.
Gels, 2022, 8.

Ramanery FP, Mansur AA, Mansur HS. One-step
colloidal synthesis of biocompatible water-soluble ZnS
quantum dot/chitosan nanoconjugates, 2013.

Reshad RALI, Jishan TA, Chowdhury NN. Chitosan and
its Broad Applications: A Brief Review. Journal of
Clinical and Experimental
Investigations,2021:12:em00779.
https://doi.org/10.29333/jcei/11268

Riaz A, Aadil RM, Amoussa AMO, et al. Application
of chitosan-based apple peel polyphenols edible coating
on the preservation of strawberry (Fragaria ananassa
cv Hongyan) fruit. Journal of Food Processing and
Preservation, 2021, 45.
https://doi.org/10.1111/jfpp.15018

Romaéan-Doval R, Torres-Arellanes SP, Tenorio-Barajas
AY, et al. Chitosan: Properties and Its Application in
Agriculture in Context of Molecular Weight.
Polymers,2023:15:2867.
https://doi.org/10.3390/polym15132867

Roy J, Salalin F, Giraud S, et al. Chitosan-Based
Sustainable Textile Technology: Process, Mechanism,
Innovation, and Safety. In: Biological Activities and
Application of Marine Polysaccharides. InTech,2017.
Saleh Y, Nasr A, Zaki H, er al. Extraction and
Characterization of Chitosan from Shrimp Shells
(Egypt: case study). Journal of Scientific Research in
Science,2016:33:396-407.
https://doi.org/10.21608/jsrs.2016.17145

Sharkawy A, Barreiro MF, Rodrigues AE. Chitosan-
based Pickering emulsions and their applications: A
review. Carbohydrate Polymers, 2020, 250.
Suwanchaikasem P, Idnurm A, Selby-Pham J, et al.
The Impacts of Chitosan on Plant Root Systems and Its
Potential to be Used for Controlling Fungal Diseases in



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Agriculture. Journal of Plant Growth Regulation, 2024.
https://doi.org/10.1007/s00344-024-11356-1
Teixeira-Santos R, Lima M, Gomes LC, Mergulha FJ.
Antimicrobial coatings based on chitosan to prevent
implant-associated infections: A systematic review.
iScience, 2021. https://doi.org/10.1016/j.isci
Thambiliyagodage C, Jayanetti M, Mendis A, et al.
Recent Advances in Chitosan-Based Applications—A
Review. Materials, 2023, 16.

Tin S, Sakharkar KR, Lim CS, Sakharkar MK. Activity
of Chitosans in combination with antibiotics in
Pseudomonas aeruginosa, 2009.

Ul-Islam M, Alabbosh KF, Manan S, et al. Chitosan-
based  nanostructured  biomaterials:  Synthesis,
properties, and biomedical applications. Advanced
Industrial and Engineering Polymer
Research,2024:7:79-99.

Warsito MF, Agustiani F. A review on factors affecting
chitosan nanoparticles formation. IOP Conference
Series: Materials Science and Engineering, 2021.

Weng J, Durand A, Desobry S. Chitosan-Based
Particulate  Carriers:  Structure, Production and
Corresponding Controlled Release.
Pharmaceutics,2023:15:1455.
https://doi.org/10.3390/pharmaceutics 15051455
Wozniak M, Gromadzka K, Kwasniewska-Sip P, et al.
Chitosan—caffeine formulation as an ecological
preservative in wood protection. Wood Science and
Technology,2022:56:1851-1867.
https://doi.org/10.1007/s00226-022-01426-6

Wu CC, Lai N, Chen BY, Hsueh CC. Feasibility study
of chitosan extraction from waste leaves of Luffa
cylindrica for bioresource recycling. Sustainable
Chemistry and Pharmacy,2022:30:100864.
https://doi.org/10.1016/J.SCP.2022.100864

Xia Y, Wang D, Liu D, et al. Applications of Chitosan
and its Derivatives in Skin and Soft Tissue Diseases.
Frontiers in Bioengineering and Biotechnology, 2022,
10.

Xiao L. Chitosan Application in Textile Processing.
Current Trends in Fashion Technology & Textile
Engineering, 2018, 4.
https://doi.org/10.19080/ctftte.2018.04.555635

Yadav H, Malviya R, Kaushik N. Chitosan in
biomedicine: A comprehensive review of recent
developments. Carbohydrate Polymer Technologies and
Applications, 2024, 8.
https://doi.org/10.1016/j.carpta.2024.100551

Yan D, Li Y, Liu Y, et al. Antimicrobial properties of
chitosan and chitosan derivatives in the treatment of
enteric infections. Molecules,2021:26.

Yarahmadi A, Dousti B, Karami-Khorramabadi M,
Afkhami H. Materials based on biodegradable polymers
chitosan/gelatin: a review of potential applications.
Frontiers in Bioengineering and
Biotechnology,2024:12.

Zhang A, Mu H, Zhang W, et al. Chitosan coupling
makes microbial biofilms susceptible to antibiotics.
Scientific Reports,2013:3.
https://doi.org/10.1038/srep03364

Zhao D, Yu S, Sun B, et al. Biomedical applications of
chitosan and its derivative nanoparticles.
Polymers,2018:10.

100.Zhou CE, Kan CW, Sun C, et al. A review of chitosan
textile applications. AATCC Journal of
Research,2019:6:8—14.

101.Zosangpuii, Sudheer P. Chitosan a natural anti-
inflammatory and wound healing agent: A brief update.
Natural Resources for Human Health,2024:4:115-127.

102.Sources of Chitin and Chitosan.



