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Abstract

Chitin deacetylation yields chitosan, a 
biopolymer gathered from different natural or-
igins like animals and marine organisms. Chi-
tosan quality is influenced by factors such as 
molecular weight, crystallinity, and degree of 
deacetylation, as well as purity parameters like 
ash content, protein content, and color. These 
inherent characteristics lead to biocompatibility, 
bio-adhesiveness, solubility, and its polycation-
ic nature, making it suitable for a wide range 
of physical or chemical modifications. Despite 
its advantages, chitosan faces challenges 
such as seasonal and geographical availabili-
ty, time-consuming extraction processes, and 
variability in quality due to different extraction 
methods. Technological advancements, such as 
genetic modification, hold promise for improv-
ing chitosan yield and expanding its applica-
tions. This review delves into the structure and 
properties of chitosan, exploring its extraction 
methods and emphasizing its diverse applica-
tions, including wound dressings, drug deliv-
ery systems, antimicrobial agents, wastewater 
treatment, and beyond. Finally, the discussion 
concludes with key challenges and future per-
spectives for chitosan research.

Keywords: Chitosan, Biological Properties, Ap-
plications.

Introduction

Chitosan is a biopolymer recovered 
from the exoskeletons of arthropods, cell walls 
of fungi, and other sources where chitin is abun-
dantly present. It acts as a basis for many bi-
ological and industrial applications due to its 
unique characteristics, such as non-toxicity, an-
tioxidative nature, biocompatibility, biodegrad-
ability, and renewability (1). Chitin, the precur-
sor to chitosan, is the second most abundant 
biopolymer after cellulose, highlighting its wide 
occurrence in nature and potential use in vari-
ous fields (2). 

Chitosan which is a polysaccharide de-
rived through deacetylation of chitin has various 
uses across several industries (3). Because of 
its non-toxicity, antioxidative nature, biocom-
patibility, biodegradability, and renewability (4), 
this substance finds use in several domains, in-
cluding wound treatment (5), food science (6), 
agriculture (7), cosmetics (8), biotechnology 
(9), chelating agent (10), pharmaceutical and 
biomaterial purposes (11).

Chemical and biological methods can 
be used to extract chitosan from exoskeleton 
(12). Crabs (13), shrimp (14), desert locusts, 
honey bees (15, 16), beetles (17), crayfish, cor-
als (18), fungi (19), and cockroaches (20, 21) 
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could be exploited for the commercial produc-
tion of chitosan. The importance of chitosan and 
its derivatives spans a broad spectrum, from 
environmental sustainability to potential health 
benefits, making a chitosan review not just rele-
vant but essential for understanding its multifac-
eted role (22). 

This review aims to provide a com-
prehensive overview of chitosan’s chemical 
structure, sources, and benefits, focusing on 
its biodegradability, biocompatibility, and envi-
ronmental impact. By understanding the biode-
gradability, biocompatibility, and environmental 
impact of chitosan, alongside its industrial and 
biomedical applications, readers will gain com-
prehensive insights into why natural chitosan’s 
and chitosan products are increasingly becom-
ing a focus of scientific and commercial interest.

Historical background

The discovery and development of chi-
tosan can be traced back over two centuries, 
marked by significant milestones that have 
shaped its current applications. The journey be-
gan in 1799 when Hatchett used mineral acids 
to decalcify shells of crabs, crayfish, lobsters, 
and prawns, observing the formation of a soft, 
plastic material. This laid the groundwork for fu-
ture research into chitin and subsequently chi-
tosan (23).

Early discoveries and nomenclature

The early discoveries of chitosan date 
back to 1799 when Hatchett first observed the 
formation of a unique material through the de-
calcification of crab shells using mineral acids. 
This discovery laid the foundation for further re-
search into chitin and chitosan. In 1811, Bracon-
not identified chitin in fungi and coined the term 
“chitin.” Later, in 1823, Odier isolated a hornlike 
material from cockchafer elytra treated with 
potassium hydroxide, further solidifying the un-
derstanding of chitin’s structure and properties 
(23). In 1859-1894, Rouget manipulated chitin 
through chemical and temperature treatments 
to become soluble, leading to the naming of 

“chitosan” by Hoppe-Seyler (24).

Developmental phases of chitin and chi-
tosan

The evolution of chitin into chitosan en-
compasses five distinct phases, each contribut-
ing uniquely to its understanding and utility:

1799-1894: Discovery phase initiated 
by Hatchett and expanded by subsequent re-
searchers (25).

1894-1930: A period of confusion and 
controversy, where the properties and struc-
ture of chitin were debated (25).

1930-1950: Exploration phase, where 
the potential applications of chitin and chitosan 
began to be realized (25).

1950-1970: Doubt phase, character-
ized by skepticism over the practical uses of 
chitosan (25).

Post-1970: Application phase, seeing 
a surge in commercial and biomedical uses of 
chitosan (25).

Advancements and Modern Applications

Chitosan’s journey from a curious deriv-
ative to a widely used biopolymer is marked by 
significant research milestones:

1950s: The structure of chitosan was 
further understood through x-ray analysis (24).

1960s: Studies revealed chitosan’s po-
tential as a hemostatic agent due to its ability to 
bind with red blood cells (26).

Recent decades: Chitosan has been 
popularized as a dietary supplement in Japan 
and Europe, and its production involves a series 
of chemical reactions starting from chitin, high-
lighting its versatility and the expanding scope 
of its applications (26).

This historical perspective not only 
highlights the scientific milestones that have 
defined the development of chitosan but also 
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underscores its evolving role across various 
sectors, driven by its unique properties and po-
tential for innovation.

Major sources, chemical structure, and 
properties

Chitosan, a biopolymer derived from 
chitin, is primarily recovered from the exoskel-
etons of arthropods such as crabs and shrimp, 
as well as from fungal cell walls. Recent stud-
ies have highlighted its abundance in marine 
sources, with an estimated global production 
of chitin exceeding 1011 tons annually (22). Chi-
tosan consists of copolymers of D-glucosamine 
and N-acetyl-D-glucosamine linked by β-(1-4) 
glycosidic bonds (27) (Figure 1). Its structure 
resembles cellulose, but the key distinction is 
the amino group at the C-2 position, giving chi-
tosan a positive ionic charge (2). This positive 
charge enables chitosan to bind with negatively 
charged molecules, which is crucial for many of 
its applications (2). 

Figure 1. Structure of chitosan.

Key structural characteristics and modifica-
tions 

Solubility and molecular weight 

Chitosan’s solubility is highly depen-
dent on its degree of deacetylation (DD) and 
molecular weight (MW). Studies have shown 
that chitosan with a DD greater than 50% is 
soluble in acidic solutions (pH<6.5), while low-
er DD values result in reduced solubility (27). 
Additionally, chitosan oligomers with lower MW 
exhibit enhanced solubility across a broader pH 
range, making them suitable for various bio-
medical applications (28).

Degree of deacetylation (DD) 

The DD significantly influences phys-
icochemical properties of chitosan such as 
solubility and charge density. The degree of 
acetylation affects not only the solubility but also 
the biodegradability and biocompatibility of chi-
tosan, making it suitable for various biomedical 
applications (2). Several techniques have been 
developed to measure the amount of DD found 
in insect chitosan and chitin. Infrared spectros-
copy, UV spectroscopy, near-infrared spec-
troscopy, potentiometric titration, and magnetic 
resonance are a few of the analytical methods 
used to determine DD (29).  Among them, the 
FT-IR, the conductometric, the acid-base, and 
the potentiometric titration methods are useful 
for completely soluble compounds.

Viscosity 

Viscosity is a key factor in discovering 
the industrial usability of chitosan, with its de-
pendency on the degree of deacetylation and 
the molecular weight of the compound. Viscosi-
ty increases with higher deacetylation levels and 
lower molecular weights. Additionally, it can vary 
based on the particle size and storage duration 
of chitosan (30). Temperature and concentration 
factors can affect the viscosity of chitosan solu-
tions. The viscosity increases with decreasing 
temperature and increasing chitosan content. 
Due to depolymerization, the chitosan viscos-
ity decreases with increasing demineralization 
time. The intrinsic viscosity of chitosan can be 
affected by physical factors (ultrasonic, milling, 
autoclaving, heating) and chemical (ozone) pro-
cesses. Chitosan concentrated solutions with 
various levels of deacetylation differ in their vis-
cosity and flow characteristics (31).

Crystallinity

One of the most important physical 
properties that determine the functionality of 
chitosan is its crystallinity. In the solid state, chi-
tosan molecules often self-assemble into high-
ly ordered crystallites within large amorphous 
domains. There are two primary crystal poly-
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morphs of chitosan (32). The most prevalent 
polymorph is the hydrated “tendon chitosan” 
form, while the anhydrous crystal form is known 
as the “tempered polymorph”. Both polymorphs 
consist of two antiparallel chitosan molecules in 
a double helix shape held together by hydrogen 
bonds to form the crystal cell. The inclusion of 
water molecules between these crystal cells 
stabilizes the structure via multiple hydrogen 
bonds, leading to distinctions between the poly-
morphs (33). X-ray diffraction (XRD) is used to 
measure the crystallinity of chitosan, which de-
tects and analyzes the pattern created by X-ray 
diffraction through a dense atomic lattice in a 
crystal. One useful technique for visually verify-
ing the shape and physical condition of the chi-
tin surface is scanning electron microscopy. The 
surface shape of chitosan varies depending on 
the source species (20). Commercial chitosan 
not exhibited an apparent microfibrillar structure 
and has spherical in shape as indicated by the 
scanning electron micrograph (Figure 2).

Figure 2. Scanning electron micrograph of com-
mercial chitosan (20).

Chemical modifications

Chitosan, a versatile biopolymer, un-
dergoes various chemical modifications to en-
hance its solubility, functionality, and application 
potential. These modifications include acylation, 
alkylation, carboxylation, and quaternization, 
each introducing specific functional groups that 
improve chitosan’s water solubility and biolog-

ical compatibility (28). For instance, acylation 
and carboxylation significantly enhance chi-
tosan’s solubility in water (34), while alkylation 
introduces properties beneficial for medical ap-
plications such as coagulation and antibacteri-
al effects. Furthermore, quaternary ammonium 
chitosan exhibits superior antibacterial, biocom-
patibility, and biodegradability characteristics 
(35). 

Unique properties and environmental bene-
fits
Non-toxic nature

Chitosan is inherently non-toxic, mak-
ing it safe for a wide range of applications, from 
pharmaceuticals to food packaging (2).

Biodegradability

As a biodegradable material, chitosan 
breaks down into natural substances, reducing 
environmental pollution and supporting sustain-
able material cycles (2).

Adsorption Capabilities

Its excellent adsorption properties en-
able the removal of contaminants like heavy 
metals and dyes from wastewater, contributing 
to cleaner and safer water sources (2).

Chitosan’s role extends beyond bio-
compatibility to its significant environmental 
impact. Chitosan is the second most abundant 
biopolymer after cellulose. This abundance en-
sures a sustainable supply of raw materials for 
producing chitosan, which is crucial for its wide-
spread application in environmentally sensitive 
areas (22). The biopolymer’s ability to degrade 
naturally complements its applications in re-
ducing pollution, particularly in agricultural and 
food industries where its use can lead to less 
reliance on synthetic materials (22).

Major Sources

Among the various sources available 
for chitosan production (Figure 3), shrimp is 
one of the most promising and much discussed, 
and many other species, such as beetles and 
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insects, have also been used (36). Insects have 
emerged as a viable alternative supply of chi-
tosan; nevertheless, this development has only 
occurred in recent times, and studies have only 
been conducted on a laboratory scale. Mollusks 
provide an additional source of chitosan. The 
use of species such as Sepia kobiensis, Sepia 
spp, Loligo lessoniana, and Loligo formosa-
na has been seen in this regard. Compared to 
crustaceans, fungi are a source of chitosan and 
chitin that is not seasonal and not influenced by 
geographical factors. Chitin extraction from this 
source requires less use of chemicals, as there 
is usually no need for mineral removal and dis-
coloration. In fungal chitin and chitosan, there 
are generally no heavy metal contaminants or 
allergenic proteins that can be found in marine 
sources (37).

Figure 3. The most important sources of chi-
tosan.

Industrial extraction and yield factors

The extraction of chitosan from chitin in-
volves a deacetylation process using strong al-
kalis such as sodium hydroxide (NaOH), which 
is a critical step in determining the quality and 
yield of chitosan (2) (Figure 4). For instance, 
a study by Pacheco et al., demonstrated that 
treating chitin with 40% NaOH at 90°C for 4 
hours resulted in chitosan with a DD of 85% 
(12). Alternative methods, such as enzymatic 
deacetylation using chitin deacetylase, have 

also been explored to achieve higher purity 
and controlled DD values (19). Factors such as 
temperature, alkali concentration, and reaction 
duration play significant roles in influencing the 
molecular weight and degree of deacetylation, 
thereby affecting the yield and purity of chitosan. 
The source of chitin, whether from animals, ma-
rine crustaceans or fungal biomass, along with 
the extraction method, impacts the final yield 
and quality of chitosan. Notably, solid-state fer-
mentation of fungal biomass has been shown to 
produce higher yields of chitosan compared to 
submerged fermentation (2). Chemical and bi-
ological methods used to extract chitosan from 
exoskeleton of different sources are illustrated 
in Figure 3.

Figure 4. Scheme for the steps of chitosan 
preparation from raw materials (2) (Modified).

Applications of chitosan
Application in environmental fields

Chitosan’s role in environmental man-
agement is particularly significant in water pu-
rification and waste treatment processes. It is 
employed in the development of water filtration 
membranes, where its ability to remove metal 
ions and heavy metals from industrial effluents is 
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highly valued (38). Additionally, chitosan-based 
nanocomposites are increasingly favored for 
their efficacy in eliminating hazardous contam-
inants like dyes and other pollutants during the 
water purification process (38). These capabili-
ties not only enhance water quality but also sup-
port sustainable industrial practices.

Water and wastewater treatment

Chitosan’s excellent adsorption capa-
bilities allow it to remove harmful contaminants 
such as heavy metals, dyes, and pharmaceuti-
cals from water, making it an invaluable compo-
nent in water purification systems (39).

Biodegradable Packaging

Chitosan-based films offer a sustain-
able alternative to conventional plastic pack-
aging. These films degrade more rapidly in soil 
environments compared to commercial starch-
based films, thereby reducing environmental 
pollution and aiding in waste management (40).

Greenhouse gas absorption

Chitosan contributes to sustainable 
development by absorbing greenhouse gases. 
This capability, coupled with its potential to ad-
sorb heavy ions and organic matter, positions 
chitosan as a beneficial material in efforts to 
combat environmental pollution and climate 
change (41).

Application in biomedical fields

Chitosan’s utility in the biomedical field 
is vast and varied, driven by its unique proper-
ties that include biodegradability, biocompati-
bility, and antimicrobial activity. Its applications 
span across drug delivery, tissue engineering, 
wound healing, and more, making it a critical 
material in modern medicine (39, 42).

Drug delivery and tissue engineering

Chitosan is extensively used in drug de-
livery systems due to its ability to protect drug 
molecules from the acidic environment of the 
stomach, facilitating targeted drug release. This 

property is crucial for administering medications 
for gastrointestinal, neurological, and chronic 
systemic diseases. Chitosan-based materials 
are also used in developing scaffolds for tissue 
engineering, mimicking the natural extracellular 
matrix which supports the growth and regenera-
tion of tissues (42).

The development of chitosan-based 
materials continues to push the boundaries 
in drug delivery and material science. Chi-
tosan-coated nanoparticles, for example, are 
utilized as efficient bio-imaging agents and in 
delivering anti-tumor agents like Paclitaxel, 
demonstrating the polymer’s versatility and effi-
cacy in medical applications (1). Additionally, the 
design of chitosan-based biomimetic materials, 
which mimic natural structures like lotus flowers 
and honeycomb, highlights the innovative ap-
proaches in enhancing material properties for 
specific applications (43). These advancements 
underscore chitosan’s role in driving technolog-
ical and medical innovations, further solidifying 
its importance in scientific research and industry 
applications.

Wound healing 

In the realm of wound care, chitosan’s 
hemostatic and antibacterial properties expe-
dite the healing process, making it an invaluable 
component in wound dressings and antimicrobi-
al coatings. The biopolymer is also employed in 
dental and orthopedic implants due to its ability 
to promote bone regeneration and reduce infec-
tion rates (38, 44). Chitosan’s ability to acceler-
ate wound healing has made it a subject of sig-
nificant research. This wound-healing property 
stems from chitosan-based materials’ capacity 
to: mobilize polymorphonuclear cells and fibro-
blasts, cause cytokines, facilitate migration of 
giant cells, and stimulate the formation of type 
IV collagen. Additionally, chitosan’s susceptibil-
ity to degradation by enzymes like lysozyme in 
the body results in chito-oligomers, which stim-
ulate macrophages and further accelerate col-
lagen deposition, ultimately speeding up wound 
healing (45). Commercially accessible wound 
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dressings utilizing chitosan come in various 
forms, including non-wovens, hydrogels, films, 
and sponges (28, 46).

Biosensors and regenerative medicine

The development of chitosan-based 
biosensors illustrates the biopolymer’s adapt-
ability and effectiveness in medical diagnos-
tics. These biosensors detect a wide array of 
substances, including glucose and cholesterol, 
essential for managing conditions like diabetes 
and cardiovascular diseases. Additionally, in re-
generative medicine, chitosan is used to create 
innovative solutions such as bioimaging agents 
and cell encapsulation materials, which are fun-
damental in advanced therapeutic and diagnos-
tic procedures (44).

Antimicrobial activity

Chitosan and its derivatives exhibit anti-
bacterial activity against a wide range of micro-
organisms, such as bacteria, filamentous fungi, 
and yeast (47). The precise mechanism behind 
this antibacterial activity remains unclear. How-
ever, one offered mechanism suggests that chi-
tosan disrupts cellular permeability, leading to 
leakage of intracellular components due to its 
interaction with the anionic components of the 
cell membrane, ultimately causing cell death. 
Another proposed mechanism involves chitosan 
penetrating the cell membrane and binding to 
DNA. This binding restrains DNA replication, 
ultimately leading to cell death (48). Several 
factors influence the antibacterial action of chi-
tosan, including the degree of deacetylation, 
origin and level of polymerization, polymer vis-
cosity, and particularly pH (49).

Chitosan has been suggested to op-
erate on Gram-negative bacteria through two 
distinct mechanisms: chelation with divalent 
cations under acidic pH, diminishing membrane 
stability and nutrient uptake, and electrostat-
ic interactions with lipopolysaccharides on the 
outer membrane, permitting chitosan to pass 
through the inner membrane and induce cell 
leakage (20, 50, 51). In contrast, the surface 

of Gram-positive bacteria is made up of pepti-
doglycans and teichoic acid, necessary for the 
function of various membrane-bound enzymes, 
ultimately leading to cell death (47, 52). The 
mechanism of chitosan’s antifungal effect is 
similar to its antibacterial action and seems to 
be effective against fungi rich in polyunsaturat-
ed fatty acids (53).

Antioxidant activity

Chitosan and its derivatives exhibit po-
tent antioxidant effects. They can reduce lipid 
oxidation by scavenging free radicals, due to 
their ability to bind metals. The antioxidant prop-
erties of chitosan and chitin are influenced by 
factors such as molecular weight, viscosity, and 
degree of deacetylation (DD). This free radical 
scavenging ability makes chitosan a potential 
therapeutic agent for oxidative stress and cer-
tain diseases (54).

Chitosan in nanomedicine

Chitosan nanoparticles hold significant 
promise in medical research as targeted deliv-
ery vehicles for drugs, adjuvants, and vaccines. 
They are particularly attractive as oral drug 
carriers for proteins because they can prevent 
enzymatic degradation in the gastrointestinal 
tract and facilitate muco-adhesion to the intes-
tinal mucus layer (9, 55). This review highlights 
several applications of chitosan nanoparticles, 
including ocular-targeted drug delivery, delivery 
across the blood-brain barrier, targeted delivery 
of bioimaging markers, and vaccination by oral 
and intranasal application (56). Notably, a sig-
nificant amount of research has been focused 
on chitosan nanoparticles in cancer medicine. 
These nanoparticles can encapsulate chemo-
therapeutic drugs, thereby reducing side effects, 
and can also increase the oral bioavailability of 
anti-cancer drugs (57).

Industrial and Commercial applications

Chitosan’s broad utility across various 
industries is underscored by its diverse appli-
cations ranging from agriculture to pharmaceu-
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ticals and environmental sustainability. Its role 
in enhancing agricultural practices is particular-
ly noteworthy, where it is used in the pre- and 
post-harvest treatments such as coating seeds, 
fruits, and vegetables to preserve them and im-
prove their resistance to diseases and pests. 
Additionally, chitosan-based coatings are in-
strumental in the slow and sustained release of 
encapsulated agrochemicals, optimizing their 
effectiveness and reducing environmental im-
pact (39). 

Chitosan contributes significantly to the 
agriculture and food sectors. It is used in creat-
ing biopolymeric films for food packaging, which 
are favored for their biodegradability and the 
reduction of pollution in comparison to conven-
tional materials (26, 58). Additionally, chitosan’s 
properties as a natural biocide make it effective 

as a preservative, enhancing the shelf life and 
safety of food products. In agriculture, chitosan 
is applied for its ability to enhance plant growth 
and yield, making it a valuable component in 
sustainable farming practices (26).

In the pharmaceutical sector, chitosan 
contributes significantly to the production of 
various forms such as tablets and capsules. Its 
unique properties also make it a preferred ma-
terial for drug delivery systems, enhancing the 
efficacy of pharmaceutical products by protect-
ing active ingredients and controlling their re-
lease within the body. Moreover, chitosan’s bio-
compatibility and non-toxic nature have paved 
its way into the food industry, where it is utilized 
as a food additive, preservative, and packaging 
material, contributing to food safety and longev-
ity (1).

The table below summarizes the key applications of chitosan across different industries:
Industry Applications of Chitosan
Agriculture Seed coating, plant growth regulation, controlled release fertilizers
Pharmaceuticals Production of tablets and capsules, drug delivery systems
Food Additives, preservatives, packaging materials
Cosmetics Skincare and haircare products
Textile and Paper Sizing, finishing, wastewater treatment
Energy Dye-sensitized solar cells, wastewater treatment

These applications not only highlight chitosan’s 
versatility but also its contribution to sustainable 
practices across various sectors (1, 27). The 
most significant properties and recent applica-
tions of chitosan are highlighted in Figure 5. 

Figure 5. Unique Activities, Properties and Dif-
ferent applications of chitosan.

Recent advances in chitosan research

Technological enhancements and gene 
modification

Recent developments in chitosan re-
search have focused on leveraging gene mod-
ification techniques to enhance the yield and 
functional properties of chitosan. This approach 
has opened new avenues for increasing the 
efficiency of chitosan production, which is cru-
cial for its application across various industries. 
Technological advancements in genetic engi-
neering provide a pathway to optimize the struc-
tural attributes of chitosan, thereby enhancing 
its solubility, biocompatibility, and overall effec-
tiveness in industrial applications (2).



Current Trends in Biotechnology and Pharmacy
Vol. 19(2) 2372-2385, April 2025, ISSN 0973-8916 (Print), 2230-7303 (Online)

Ebrahim and Zahra

2380

Breakthroughs in therapeutic applications 
and drug delivery

The potential of chitosan in therapeutic 
applications continues to grow with recent stud-
ies highlighting its efficacy in drug delivery sys-
tems. Research has shown that chitosan and 
its derivatives can be engineered to improve 
their therapeutic effects, offering targeted and 
controlled drug release mechanisms. These 
advancements are particularly significant in the 
development of non-invasive delivery systems 
for biologically active molecules, which can dra-
matically improve patient compliance and treat-
ment outcomes (59).

Sustainable production and future direc-
tions 

Combining traditional, biological, and 
alternative methods has proven to be the most 
effective strategy for the sustainable production 
of chitosan. This approach not only ensures high 
yields but also maintains the quality of chitosan, 
which is crucial for its application in various en-
vironmental and biomedical fields. The ongoing 
research and increasing number of publications 
related to chitosan highlight its growing impor-
tance and continuous development in sustain-
able practices (41).

Challenges and limitations

Chitosan, despite its widespread appli-
cations and benefits, faces several challenges 
and limitations that can impede its utility across 
various fields. These challenges stem primarily 
from its production process, physical and chem-
ical properties, and the variability in its biologi-
cal performance.

Production and standardization issues

Source and cost limitations: The primary raw 
materials for chitosan production are seasonal 
and localized, which can lead to supply incon-
sistencies and high production costs (60).

Extraction challenges: The extraction of chi-
tosan is not only time-consuming but also cost-

ly, involving the use of harsh chemicals that can 
impact the environment (2).

Quality Variability: Due to differences in the 
source and extraction methods, the quality of 
chitosan can vary significantly, which affects its 
reliability in various applications (60).

Lack of Standardization: There is a notable 
lack of standardization in the production and 
quality control of chitosan, making it difficult to 
ensure consistent performance across different 
batches and products (60).

Physical and chemical property variability

Solubility Issues: Chitosan’s solubility is high-
ly pH-dependent and it shows poor solubility in 
neutral and basic media, limiting its use in vari-
ous applications (27).

Property Variations: The physical and chem-
ical properties of chitosan, such as molecular 
weight and degree of deacetylation, can vary 
greatly. These variations can significantly im-
pact its performance, further complicating the 
standardization of chitosan products (61).

Biological performance and safety concerns

Mechanisms of action: There is a limited un-
derstanding of the mechanisms by which chi-
tosan interacts with cells and tissues, which can 
hinder its application in biomedicine and other 
fields (61).

Immunogenicity and toxicity: Although chi-
tosan is generally considered safe, there are 
concerns regarding its potential immunogenic-
ity and toxicity in some applications, which ne-
cessitate further studies to clarify these aspects 
(61).

Disputed biological Properties: Some of the 
claimed biological properties of chitosan, such 
as its antimicrobial and biodegradability char-
acteristics, are disputed, indicating a need for 
more comprehensive research to validate these 
properties (22).

These challenges underscore the ne-
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cessity for ongoing research and technological 
improvements to enhance the yield, standard-
ization, and application of chitosan, ensuring its 
sustainable and effective use in the future (2). 
This comprehensive analysis not only highlights 
the innovative uses of chitosan in emerging 
fields but also sets the stage for addressing the 
key challenges that lie ahead in fully realizing 
the potential of chitosan in both environmental 
and biomedical sectors.

Conclusion and future perspectives

Having traversed the expansive land-
scape of chitosan from its historical roots to its 
modern applications, one can appreciate the 
significant strides made in understanding and 
utilizing this versatile biopolymer. Its unique 
chemical structure facilitates a myriad of ap-
plications across various fields, especially in 
biomedical and environmental sectors, under-
scoring its potential to address contemporary 
challenges in sustainability and healthcare. The 
exploration of chitosan’s properties, modifica-
tions, and the breadth of its applications rein-
forces its status as a material of crucial interest, 
poised for further innovation and wider adoption 
in the pursuit of a greener and more sustainable 
future.

Yet, as we delve into the future pros-
pects of chitosan, it’s evident that overcoming 
existing challenges related to production, stan-
dardization, and biological performance is par-
amount to unlocking its full potential. The call 
for further research and technological advance-
ments is clear, aimed at enhancing chitosan’s 
yield, functionality, and application efficiency. In 
drawing together the threads of chitosan’s story, 
from historical curiosity to a beacon of biopoly-
mer innovation, we are reminded of the contin-
ual need for inquiry, adaptation, and application 
of science for the betterment of society and the 
environment.
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