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Abstract

Chitosan is one of the leading natural biomaterial after cellulose. In biomolecules delivery, it stands out
for its superior oxygen permeation ability and mucoadhesive capacity. Due to their improved structural
and functional properties as well as biocompatibility, biodegradability, and nontoxicity, chitosan and its
nanoparticles are currently grasping the interest of researchers. In this work, a critical review is
performed covering its conventional and novel applications, specially focused on pharmaceutical area,
providing a clear picture of the current state of art to serve as a basis to direct future research in this
field.
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1. Introduction

Ayurveda is one of the oldest systems of medicine in the world, and its foundations rest
heavily on the use of herbs, minerals, and plant-based medicines. Ayurvedic texts like the
CharakaSamhita and SushrutaSamhita document the medicinal properties of hundreds of
plants and their use in therapeutic treatments [1. A biopolymer is a type of polymer that is
produced naturally by living organisms. These polymers are made up of monomer units that
are linked by covalent bonds and are usually derived from renewable sources, such as plants,
animals, and microorganisms. Chitosan (CS), a naturally derived biopolymer, has attracted
considerable interest due to its remarkable versatility, wide availability, and distinctive
properties, making it a promising material for various medical applications. CS iscomposed
of N-acetyl-glucosamine and glucosamine units obtained by the deacetylation of chitin,
generally under alkali conditions at relatively high temperature . Henri Braconnot is
credited with the discovery of chitin in 1811, marking the beginning of research in this area.
Chitosan, a derivative of chitin, first emerged in 1859 through the pioneering work of
Charles Rouget. The term ‘chitosan’ was introduced later, in 1894, by Felix Hoppe-Seyler
31, Various methods for extracting chitin and chitosan lead to materials with unique
properties, which can be tailored further to enhance their biological activities. Chitosan-
based drug delivery systems have been developed for a variety of administration routes, such
as oral, ophthalmic, transdermal, nasal, and vaginal, offering enhanced drug targeting and
sustained release. Due to its versatility, chitosan plays a key role in a broad spectrum of
applications across food and pharmaceutical sectors. Its biodegradability, non-toxicity, and
biological activity make it especially valuable in medical, pharmaceutical, agricultural, and
environmental sectors.

2. Physicochemical and Biological properties of Chitosan biopolymer

Chitosan’s unique combination of physico-chemical and biological properties makes it an
incredibly versatile material with a wide range of applications across various industries. It
has a wide range of physicochemical and biological properties, which are listed in Table 1 [,
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Fig 1: Chemical structure of chitosan: this figure shows the ability of chitosan to have a different
functional group that gives diverse applications of chitosan.
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Table 1: Physicochemical and biological properties of chitosan biopolymer

Physical properties Chemical properties Biological properties

* ?(;ghgrzqo;:eﬁclglar weight (1.2 x e Rigid D-glucosam_inestructure «  Biocompatibility

e White yellow in color * Degree_ of acetylgtlon range 70-95% e  Bacteriostatic

e Weak base (powerful > Cationic polyan_une . e Wound management
nucleophile, pKa 6.3) * AtpH <6.5, a high charge density e Anticancerogen

e  Flakes, bead or powder s Forms gels with Eoly-amons Polyelectrolyte e Accelerates bone formation

e Intermolecular hydrogen * Adh_eres to negatl_vely cha_r ged tsurfaces e Accelerates the formation
bonding . Aml_aple t_o chemlc_:al modification of osteoblast

e  Optical clarity. * A_dd't've I paper lr_ldustry e  Antioxidant

e Amorphous solid *  Filmogenic properties o Biodegradable

o Density 0.18-0.33 g/lcm? e Linear polyamine o Homeostatic

e  Soluble in diluted aqueous acid *  Numerous reactive groups (amino and e  Natural polymer
solution hydroxyl) e  Bone formation

e Insoluble in water . L_inear amino-polysaccharide with high e Safe and non-toxic

«  Conductivity nitrogen content

3. Extraction techniques

The extraction of chitosan involves a multi-step process that
requires careful control of conditions like pH, temperature,
and reaction time. The quality of the extracted chitosan
depends on the degree of deacetylation and the effectiveness
of removing proteins and minerals from the raw material.
This biomolecule can be extracted from seafood industry
waste, such as shrimp shells, using both traditional and
sustainable green extraction methods 1. Here’s a step-by-
step overview of the typical extraction process:

3.1. Raw Material Selection (Chitin Source)

Chitosan is extracted from chitin, which is primarily sourced
from crustacean shells, insects, or some fungi. Crustacean
shells (shrimp, crab, etc.) are the most common source, as
they are rich in chitin [,

3.2. Demineralization (Removal of minerals)

To remove inorganic materials, mainly calcium carbonate
(CaCO:s) and calcium phosphate (Cas(POa)2) from the raw
material 7],

1. The shells are first cleaned to remove dirt and other
impurities.

2. The shells are then immersed in a diluted hydrochloric
acid (HCI) solution for several hours, which dissolves
the calcium carbonate and other mineral content.

3. After demineralization, the shells are washed with

distilled water to remove any residual acid.

3.3. Deproteinization (Removal of Proteins)

To remove the protein content (mainly the proteins in the

shell) from the demineralized chitin to leave the pure chitin,

the following procedure adapted:

1. The demineralized chitin is treated with a strong
alkaline solution, typically sodium hydroxide (NaOH),
at a concentration of 2-5%.

~ 43 ~

2. The solution is heated to 60-100°C for several hours.
The alkali breaks down the proteins and removes them
from the chitin structure [,

3. The treated chitin is then washed thoroughly with

distilled water to neutralize the alkaline solution and
remove any residual proteins.

3.4. Deacetylation (Conversion of Chitin to Chitosan)

To remove the acetyl groups (-COCHs) from chitin to
convert it into chitosan, it will undergo

1. The purified chitin is treated with a concentrated
sodium hydroxide (NaOH) solution, typically 40-50%
in concentration [,

The mixture is heated at temperatures between 100-
120°C for several hours to promote the deacetylation
reaction.

The degree of deacetylation can be controlled by
adjusting the NaOH concentration, temperature, and
reaction time.

After deacetylation, the chitosan is washed with
distilled water to remove the residual alkali and
neutralize the chitosan.

. Drying
After the extraction process, the chitosan is usually a
wet solid or slurry. It is then dried to obtain the final
chitosan powder.
Drying can be done by air drying, freeze-drying, or
oven drying at a low temperature (50-60°C) to prevent
degradation 291,

3.6. Final Purification
The chitosan may undergo filtration, bleaching, or washing
to achieve the desired purity and consistency 4.
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Fig 2: Diagrammatic representation of chitosan preparation from natural source in which natural and chemical processing are utilized.

4. Pharmaceutical characteristics

The biological activity of chitosan and its derivatives is
highly versatile. Chitosan is effective against a wide variety
of bacteria, filamentous fungi, and yeasts 2. The below
section provides a brief overview of chitosan’s bioactivities.

4.1. Antibacterial Activity

Chitosan exhibits potent antibacterial activity due to its
ability to interact with bacterial cell membranes, inhibit
essential bacterial processes, and disrupt cellular structures.
The degree of deacetylation, molecular weight, pH, and
bacterial strain all play important roles in determining its
effectiveness. The amino groups (-NH:) on chitosan are
positively charged in acidic conditions, which allows
chitosan to interact with the negatively charged components
of bacterial cell membranes (such as phospholipids and
lipopolysaccharides). This electrostatic interaction causes
structural changes in the bacterial membrane, making it
more permeable and leading to leakage of intracellular
contents (e.g., proteins, nucleic acids, ions), which disrupts
cellular functions and results in bacterial death. Low
molecular weight chitosan can penetrate bacterial cell walls,
interact with DNA, and inhibit DNA transcription and
mMRNA synthesis. In contrast, high molecular weight
chitosan binds to negatively charged components on the
bacterial cell wall, forming an impermeable barrier, altering
cell permeability, and preventing the transport of substances
into the cell. This hypothesis was further supported by this
studies [*3, Its antibacterial activity is also pH-dependent. It
is more effective at acidic pH levels (below 6) because its
amino groups are protonated, making chitosan positively
charged and more able to interact with bacterial membranes.
Chitosan exhibits a broad spectrum of activity and a high
killing rate against both Gram-positive and Gram-negative
bacteria. This antimicrobial effect is due to interactions
between chitosan and its derivatives with bacterial cell wall
components. The studies referenced in this section highlight
a strong correlation between antibacterial activity and the
hydrophilicity of the cell wall, indicating that the action is
targeted and results in reduced toxicity toward mammalian
cells (241,

4.2. Antifungal Activity

The antifungal activity of chitosan is influenced by its
molecular weight and degree of acetylation, with these
effects varying depending on the type of fungus. Chitosan
forms a physical barrier on the surface of the fungal cell,
which prevents the germination of fungal spores and inhibits
fungal growth 31, This is especially useful in the control of
plant pathogens or preventing fungal contamination in food
products. Chitosan can inhibit certain fungal enzymes, such
aschitinaseand glucanase, which are important for cell wall
synthesis and the breakdown of structural components. By
interfering with these enzymes, chitosan weakens the fungal
cell wall, making it more vulnerable to external stresses.
The degree of deacetylation (DD) of chitosan determines its
solubility and ability to interact with fungal cells. Chitosans
with a higher degree of deacetylation tend to exhibit
stronger antifungal activity due to the increased availability
of amino groups, which are responsible for interacting with
the fungal membrane 261,

4.3. Antiviral Activity

Chitosan exhibits promising antiviral activity through
multiple mechanisms, including blocking viral entry,
disrupting viral membranes, and inhibiting viral replication.
It is particularly effective against enveloped viruses, but its
effectiveness can vary based on factors such as the virus
type, degree of deacetylation, molecular weight, and pH
conditions. The antiviral activity of chitosan is primarily
attributed to its molecular structure and its ability to interact
with viral particles, preventing them from infecting host
cells. Chitosan can interact with the surface proteins of
viruses, preventing them from binding to host cells. Viruses
typically use surface glycoproteins (such as spikes or
receptors) to attach to specific receptors on the surface of
host cells. Chitosan’s positively charged amino groups (-
NH:) can electrostatically interact with the negatively
charged components on the viral surface, blocking the
virus's ability to bind to the host cell's receptors. This
prevents the initial attachment of the virus to the host cell,
which is a crucial step in viral infection 7, Chitosan's
mucoadhesive properties enable it to remain on the mucus
surface of the host for prolonged periods, where it can exert
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its antiviral effects. Studies have shown that chitosan with
high molecular weights (50-1000 kDa) and a degree of
acetylation between 10% and 30% inhibits the replication of
bacteriophage, tobacco mosaic virus, murine norovirus, and
feline calicivirus. Furthermore, reducing the polymerization
degree of low molecular weight chitosan enhances its
antiviral activity. Chitosan with a molecular weight below
10 kDa has also been reported to exhibit antiviral effects
against several influenza virus subtypes, indicating that
molecular weight plays a significant role in antiviral
efficacy.

4.4. Anti-Tumor Activity

Chitosan exhibits potent antitumor activity through several
mechanisms, including inducing apoptosis, inhibiting cell
proliferation, reducing angiogenesis, and enhancing the
immune response. Its use in combination with
chemotherapy, as a nanocarrier for drug delivery, and in
tissue regeneration shows its potential as an effective tool in
cancer treatment. Chitosan and its derivatives have
demonstrated antitumor activity in both in vitro and in vivo
models. Tokoro et al have found that the antitumor effect of
chitosan derivatives is linked to the increased secretion of
interleukin-1 and interleukin-2, which promote the
maturation and infiltration of cytolytic T-lymphocytes [8],
This finding is further supported by in vivo study which
showed that chitosan enhanced lymphokine production and
stimulated the proliferation of cytolytic T-lymphocytes [2°1.
One of the key mechanisms by which chitosan exerts its

https://www.pharmacyjournal.info

antitumor effects is by inducing apoptosis in cancer cells.
Apoptosis is a controlled and regulated form of cell death,
and its induction is crucial for eliminating malignant cells.
Chitosan triggers apoptosis by activating various signaling
pathways such as the mitochondrial pathway (via
cytochrome ¢ release and caspase activation) and death
receptor pathways (through activation of caspase-8 and
other pro-apoptotic proteins). Additionally, chitosan may
upregulate the expression of pro-apoptotic proteins (like
BAX) and downregulate anti-apoptotic proteins (like Bcl-2),
promoting programmed cell death in cancer cells.

4.5. Anti-Oxidant and Anti-Inflammatory Activities

The antioxidant activity of chitosan is primarily attributed to
its ability to scavenge free radicals and reduce oxidative
stress. Oxidative stress, caused by an imbalance between the
production of reactive oxygen species (ROS) and the body's
ability to neutralize them, is linked to various chronic
diseases, including cancer, cardiovascular disease, diabetes,
and neurodegenerative disorders. Chitosan contains amine (-
NH:) and hydroxyl (-OH) groups that allow it to act as an
effective free radical scavenger. These groups can interact
with and neutralize reactive oxygen species (ROS) like
hydroxyl radicals (*OH), superoxide anions (O2*"), and
hydrogen peroxide (H20.), which are harmful to cells and
tissues. By neutralizing these free radicals, chitosan helps
reduce oxidative damage to lipids, proteins, and DNA, thus
preventing cellular damage and aging 21,
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Fig 3: Pharmaceutical Characteristics of Chitosan

5. Applications

Chitosan and chitosan-based systems have been shown
potential applications in drug delivery as well as
pharmaceutical field.

5.1. Drug Delivery Applications: Chitosan has garnered
significant attention in drug delivery applications due to its
biocompatibility, biodegradability, and unique

~ 45 ~

physicochemical properties 4. Some key drug delivery
applications of chitosan include:

5.1.1. Oral Drug Delivery: Chitosan is used as a carrier for
oral drug delivery due to its ability to improve the
bioavailability of poorly soluble drugs. It can form
nanoparticles or microparticles that protect drugs from
degradation in the gastrointestinal tract, enhance absorption,
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and enable controlled or sustained release 22,

5.1.2 Targeted Drug Delivery: Chitosan can be modified
to improve its targeting abilities, such as by conjugating
with ligands that recognize specific cell surface receptors
12381, This allows for targeted drug delivery to specific tissues
or cells, including cancer cells, improving therapeutic
efficacy while minimizing side effects.

5.1.3 Nanoparticles and Nanocapsules: Chitosan-based
nanoparticles or nanocapsules are widely used for drug
encapsulation. The small size of these particles enables
efficient drug loading and targeted delivery to specific sites
in the body. They also facilitate sustained or controlled
release profiles, enhancing drug stability and reducing
dosing frequency 24,

5.1.4 Transdermal Drug Delivery: Chitosan is used in
transdermal drug delivery systems, such as patches or gels,
because of its ability to enhance drug penetration through
the skin. It acts as a penetration enhancer and can facilitate
the delivery of a wide range of drugs, including proteins,
peptides, and small molecules.

5.1.5 Inhalation Drug Delivery: Chitosan is also explored
in inhalation drug delivery systems for targeting the lungs
[2°], Chitosan-based microparticles can be used for the
delivery of vaccines, antibiotics, or other therapeutics to the
respiratory system, offering potential benefits in treating
lung infections or diseases.

5.1.6 Gene Delivery: Due to its positive charge, chitosan
can form complexes with negatively charged DNA or RNA,
making it a suitable vector for gene delivery. Chitosan-
based formulations are used in gene therapy to deliver
genetic material to target cells for the treatment of genetic
disorders or cancers 121,

5.1.7 Hydrogels for Drug Delivery: Chitosan-based
hydrogels can be used as carriers for controlled drug release
(271, These hydrogels can be designed to respond to
environmental factors like pH, temperature, or enzymatic
activity, allowing for localized drug release and enhanced
therapeutic outcomes.

5.1.8 Wound Healing and Localized Drug Delivery:
Chitosan has also been utilized in wound healing
applications, where it can deliver antibiotics or other drugs
locally to promote healing and prevent infection. It can be
incorporated into dressings or hydrogels that release drugs
in a controlled manner at the wound site 281,

5.2. Biomedical Applications

5.2.1. Bone Regeneration

Bone Tissue Engineering: Chitosan-based scaffolds
are used for bone regeneration and repair. Its porous
structure allows for cell attachment and growth, and it
can be combined with other bioactive materials like
hydroxyapatite or growth factors to enhance bone
formation.

Osteoporosis Treatment: Chitosan has been explored
for use in the treatment of osteoporosis due to its ability
to enhance bone mineralization and stimulate osteoblast
activity, supporting bone health and regeneration.
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Chitosan is often used to create 3D porous scaffolds that
support bone regeneration. These scaffolds provide a
physical matrix for bone cells (osteoblasts) to attach and
proliferate, helping to guide the formation of new bone
tissue. Porosity is an essential feature, as it ensures that
nutrients, oxygen, and growth factors can reach the cells
within the scaffold. The scaffold also facilitates the
migration of cells into the defect site [2°l. Chitosan can be
functionalized by incorporating osteo-inductive agents such
as growth factors (e.g., bone morphogenetic proteins
(BMPs), vascular endothelial growth factor (VEGF)) or
mineral compounds (such as hydroxyapatite (HA) or
tricalcium phosphate (TCP)) to enhance its ability to
stimulate bone growth.

5.2.2. Cartilage Tissue Regeneration

Chitosan has shown significant potential in cartilage tissue
regeneration due to its biocompatibility, biodegradability,
and ability to support cell growth and differentiation.
Cartilage regeneration is a critical area in regenerative
medicine, especially for conditions like osteoarthritis or
traumatic cartilage injury 9, Chitosan, alone or in
combination with other materials, is widely used in cartilage
tissue engineering to promote the repair and regeneration of
damaged cartilage. Here’s how chitosan is applied in
cartilage tissue regeneration:

Porous Scaffolds: Chitosan can be used to create 3D
scaffolds with a porous structure that mimics the
extracellular matrix (ECM) of cartilage Y. These
scaffolds allow for the attachment, proliferation, and
differentiation of chondrocytes (cartilage cells),
providing a supportive environment for cartilage
regeneration.

Customizable Properties: Chitosan-based scaffolds
can be tailored in terms of porosity, mechanical
strength, and degradation rate to suit the needs of
cartilage tissue. This customization helps in providing
an appropriate environment for cell migration and
tissue formation (521,

Combination with Other Biomaterials: Chitosan is

often combined with  other materials like
hydroxyapatite, collagen, or alginate to improve the
mechanical  properties and enhance cartilage

regeneration. Hydroxyapatite, for example, mimics the
mineral content of bone, while collagen provides
structural support for chondrocyte growth.

5.2.3. Cardiac Tissue Regeneration

Cardiac tissue regeneration is an area of intense research,
particularly for patients with heart disease, myocardial
infarction (heart attack), or other forms of cardiac injury.
The heart has a very limited capacity to regenerate damaged
tissue, leading to permanent scarring and a decline in heart
function. Chitosan, a natural biopolymer derived from
chitin, has garnered significant interest in the field of
cardiac tissue engineering due to its biocompatibility,
biodegradability, anti-inflammatory properties, andability to
support cellular activity. Chitosan's ability to create
supportive scaffolds for cardiomyocytes (heart cells) and
stem cells is one of its key roles in promoting cardiac tissue
regeneration [,

3D Scaffolds: Chitosan can be processed into 3D
scaffolds with a porous structure that mimics the
extracellular matrix (ECM) of cardiac tissue 4. These
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scaffolds provide a supportive environment for cell
attachment, proliferation, and differentiation, allowing
for the regeneration of functional cardiac tissue.

e Structural Support: The scaffolds serve as a structural
framework for the regeneration of the myocardium
(heart muscle). Chitosan's ability to form hydrogels or
fibrous matrices makes it ideal for creating scaffolds
that can support the growth of heart cells and tissue.

e Customization of Properties: Chitosan-based
scaffolds can be customized in terms of pore size,
mechanical strength, and degradation rate to closely
match the properties of native heart tissue. This ensures
that the scaffold remains in place long enough to

promote tissue regeneration before gradually degrading
(3]

5.3. Gene Delivery

Gene delivery is the process of introducing genetic material,

such as DNA or RNA, into cells to modify their function or

behavior. Chitosan’s cationic charge allows it to interact
with the negatively charged DNA through electrostatic
interactions 8, The chitosan-DNA complexes protect the
nucleic acids from degradation by nucleases and enhance
their stability in biological environments. Chitosan can be
used to prepare nanoparticles that encapsulate DNA or

RNA, forming chitosan/DNA nanoparticles. These

nanoparticles have several advantages for gene delivery,

including improved cellular uptake, controlled release, and
targeted delivery.

e Gene Therapy: Chitosan is widely used for gene
therapy applications, such as the delivery of genes to
treat genetic disorders (e.g., cystic fibrosis, muscular
dystrophy) and cancers. Chitosan-based delivery
systems can facilitate the transfer of therapeutic genes
to specific tissues, thereby offering targeted treatments
with reduced side effects (Li, B et al 2020) [¥71,

e Vaccine Development: Chitosan-based systems can be
used to deliver DNA or RNA vaccines B8, The ability
of chitosan to protect and deliver antigens or genetic
material directly to immune cells makes it a potential
candidate for developing new vaccine delivery systems.

e Stem Cell Therapy: In stem cell-based therapies,
chitosan is used to deliver genes that enhance stem cell
differentiation, proliferation, or homing to specific
tissues (3%, This can improve the therapeutic efficacy of
stem cell therapies in tissue regeneration.

e Cancer Therapy: Chitosan has been used for
delivering genes that can induce apoptosis
(programmed cell death) in cancer cells or enhance the
immune response against tumors. By using chitosan to
deliver tumor-suppressor genes or therapeutic proteins,
targeted cancer therapies can be developed 91,
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