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Abstract
Wound healing is an evolving and intricate technique that is vital to the restoration of tissue integrity and
function. Over the past few decades, chitosan a biopolymer derived from chitin, became known as an
emerging biomaterial in the field of healing wounds due to its distinctive characteristics including
biocompatibility, biodegradability, affinity to biomolecules, and wound-healing activity. This natural
polymer exhibits excellent healing capabilities by accelerating the development of new skin cells, reducing
inflammation, and preventing infections. Due to its distinct biochemical characteristics and innate
antibacterial activity, chitosan has been extensively researched as an antibacterial wound dressing. Chronic
wounds, such as diabetic ulcers and liver disease, are a growing medical problem. Chitosan-based
biomaterials are a promising solution in the domain of wound care. The article analyzes the depth of
chitosan-based biomaterials and their impact on wound healing and also the methods to enhance the
advantages of chitosan by incorporating bioactive compounds. This literature review is aimed to improve the
understanding and knowledge about biomaterials and their use in wound healing.
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Introduction And Background
Biomaterials are a class of materials that deal with biological systems, including active cells, tissues, and
bodily systems. They play an important contribution in many medical, pharmaceutical, and biotechnological
applications. The primary purpose of biomaterials is to either replace or augment biological functions, often
within the human body. The recent therapeutic usage of biomaterials in wound healing has gained
momentum and products are being under trial. The fundamental character of biomaterials in the
engineering of tissue is to offer structural assistance and weight transfer in order to stimulate cell
attachment, expansion, and separation, as well as to regulate the form and size of the restored tissue.

In addition, biomaterials, often called scaffolds, can emit signals with spatial and temporal
precision; this is critical for modifying cell performance and productivity and driving optimal regeneration
of tissue. At present, there are numerous options for constructing a particular biomaterial that will
eventually get utilized as a scaffold, involving organic biomaterials, synthetic biomaterials, and composites
made up of a variety of materials [1].

The most commonly used to make wound dressings are biopolymers and synthetic polymers. Chitosan is a
natural biopolymer obtained from chitin that can be observed within the shells of crustaceans like shrimps
and crabs, as well as in the cell walls of some fungi. It is formed by deacetylating chitin, a process that
involves removing the acetyl groups from chitin molecules. Chitosan’s versatility as well as distinctive
features resulted in its widespread adoption within various sectors, making it valuable and sustainable with
extensive varieties of possibilities.

A wound can be described as any sort of harm to living skin or tissue. Wounds are sometimes referred to as
injuries, scars, cuts, and bruises depending on the injury components. Acute and chronic wounds fall into
two categories. The type, size, and depth of an injury influence how quickly it heals. Acute wounds can
recover between 60 to 90 days. Chronic wounds heal considerably more slowly, won't go across every phase
of the typical wound healing process, and typically stop at the inflammatory stage, due to existing co-morbid
conditions [2]. Chitosan-based wound dressings establish an ideal atmosphere for wound healing, by
maintaining moisture, promoting cell migration, and reducing inflammation. As a result, chitosan is being
explored for a variety of medical uses including implant coatings, tissue engineering, and for the
administration of drugs and genes.

The main drawback of the currently available synthetic dressings is that they get adherent to lesions, which
necessitates mechanical debridement and is painful for the patient, and also harmful to the freshly formed
granulation tissue. Whereas, the biodegradable chitosan-based wound dressings are easily absorbed through
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the epidermis through the re-epithelization process, which avoids any need for mechanical debridement and
injury to healthy granulation tissue [3]. This literature review is aimed to improve the understanding and
knowledge about biomaterials and their use in wound healing.

Chitosan is a non-toxic, biodegradable polymer with excellent biocompatibility, minimal immunological
reactions, mucoadhesive qualities, and features that promote absorption. Due to chitosan’s outstanding
biological properties, which include stimulating blood coagulation, fibroblast proliferation, and collagen
deposition, wound healing can be enhanced. Chitosan-based biomaterials continue to be an area of active
research and development with the potential to address various medical and healthcare challenges. Their
biocompatibility, biodegradability, and antimicrobial properties make them valuable components in the
field of biomaterials. Chitosan is an effective choice for a biomaterial since it is versatile and can easily be
adjusted to change its structure or properties [4].

Review
Biomaterials
Definition

Biomaterials are substances that can or have been created that assume a form that, either by themselves or
in conjunction with other intricate structures, can be utilized to direct the progress of any medical or clinical
treatment in human or animal health care by regulating the interaction with the biological system's
constituent parts [4]. It may be a substance or material that is used in the development of a medical
instrument to interrelate with human tissues in order to monitor the functions of the body or to treat
pathological disorders in the body [5]. Biomaterials may be natural or synthetic and are employed in medical
applications to assist, augment, or restore damaged tissue or a biological function [6].

Types

Based on various properties, biomaterials can be distinguished into three basic groups: metal biomaterials,
ceramic biomaterials, and polymer biomaterials.

The primary categories of sustainable biomaterials are natural polysaccharides, such as chitosan and pectin,
and proteins like collagen and fibrin [7]. A schematic representation of the classification of biomaterials is
shown in Figure 1.

FIGURE 1: A schematic representation of the classification of
biomaterials

In biomedical equipment, metallic biomaterials are frequently used because of their mechanical and
biological properties. They find application in the field of orthopedics because of their resilience to fractures
and resistance to tensile and shear loads. Their chemical bio-tolerant property allows biomedical alloys to
communicate with their surrounding structures and release charged particles at harmless levels.
Additionally, they are bio-inert, which limits the chemical interactions they have with surrounding cells,
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though a capsule of fibrous material could develop surrounding it. Historically, such compounds have been
utilized in dental implants, orthodontic wires, and knee and hip prostheses [8].

Ceramic biomaterials outperform metal-based biomaterials in mechanical properties, plasticity,
biocompatibility, melting temperature, and non-corrosivity. Ceramic biomaterials lack bone's high fracture
toughness and elastic modulus are brittle and hard in comparison to bone [9].

Polymeric biomaterials are biocompatible, flexible, and can be easily fabricated. It can be classified into
synthetic (e.g., poly lactic-co-glycolic acid {PLGA}, polyanhydrates), natural (e.g., hyaluronan, chitosan),
and inorganic polymers (hydroxyapatite). Polymeric biomaterials can be coupled with other materials as
composites for their mechanical, electrical, chemical, and thermal characteristics [10,11]. Numerous
synthetic polymers, including poly-L-lysine, poly lactic-co-glycolic acid, polycaprolactone, and others are
used as drug delivery vehicles [12].

Natural polymers possess biocompatibility and minimal immunogenicity and have long been employed in
the fabrication of biomaterials. Synthetic polymers are ideal solutions for patients who are allergic to organic
polymer compounds since they are less susceptible to antibodies and do not trigger persistent
immunological inflammatory conditions. Synthetic polymers also provide more durability than natural
polymers [13].

Chitin and chitosan
Composition

The semi-crystalline polysaccharide chitin, which is one of the most prevalent natural substances, is made
up of monomeric units of - (1→4)-2-amino-2-deoxy-D-glucose and - (1→4)-2-acetamide-2-deoxy-D-
glucose. They are an organic polymer that comprises monomers of glucosamine and N-acetylglucosamine
joined together by -(1→4)-glycosidic linkages [14].

N-acetyl-D-glucose amine and D-glucose amine are copolymers to form chitosan. Because chitosan
molecules contain both amino and hydroxyl groups, they can etherify, esterify, and reductively amate to
generate stable covalent bonds. Chitosan is a deacetylated form of chitin that contains at least 50% free
amine. It is frequently made from the main component of crustacean exoskeletons, such as shrimps, and has
a structure of 2-acetamido-2-deoxy-D-glucopyranose and 2-amino-2-deoxy-D-glucopyranose units [15].

Properties

Chitin and chitosan are both widely employed in biomaterials studies due to their different functional
properties. Chitin and chitosan are currently receiving a great deal of interest for usage in medical and
pharmaceutical fields because of their distinct chemical and biological properties.

Native chitin possesses intriguing characteristics like gel-forming abilities, biodegradability, non-toxicity,
and antimicrobial properties. Its average molar weight is often larger than 106 Daltons. Chitin has properties
that are helpful for promoting quick skin regeneration and quick wound healing [14].

Chitosan is an alkaline polysaccharide that occurs naturally and is sustainable. It has excellent moisturizing
as well as adsorption qualities without being poisonous or having any negative side effects [16]. Chitosan has
a cationic nature because the amino group (-NH2) is present in its molecular makeup. The positive charge
helps to generate an extracellular matrix by attracting negatively charged molecules to it. A hydroxyl group
(-OH) is also included in the structure, which draws positively charged molecules to the structure to
reinforce the interaction. In addition to electrostatic attraction, these functional groups help change
chitosan, boosting its physical and biochemical properties to provide special characteristics and potential
uses.

Chitosan dissolves in acid solutions, allowing it to react with other useful materials to form composites [17]
and could be used to easily create scaffolds, membranes, gels, nanofibers, microparticles, and sponges [18].

Chitosan contains a wide range of biological actions and health advantages, including the ability to reduce
the occurrence of gastric ulcers which is anti-inflammatory, protects against genotoxic effects, fights cancer,
among others [19], and also positively impacts quicker recovery in various stages of wound healing including
fibroplasia and collagen synthesis [20].

The capacity of chitooligosaccharides (CHOSs) for cell migration enhances the tissue remodeling stage of
the healing process for wounds [21]. Chitosan hydrogels aid in fibroblast cell growth to expedite wound
healing [22].

Antimicrobial activity
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Due to its innate antibacterial action, chitosan among the many alternatives exhibits tremendous potential
in antimicrobial application.

Antibacterial Activity

Gram-negative bacterial cell walls are characterized by hydrophilicity and negative charge than gram-
positive bacterial ones. As a result, chitosan demonstrated a higher contact with gram-negative bacteria,
which increased its antibacterial efficacy against them. Chitosan's antibacterial properties help to reduce the
possibility of spreading disease and the occurrence of problems that slow down wound healing.

The chitosan dressing improved the beneficial bacteria Prevotella, Lactobacillus, and Oscillibacter, which
support skin defense and recovery from injuries. It also shielded the wound from possible infection by
bacteria like staphylococci, Enterococcus spp., Enterobacter spp., and Parabacteroides. These findings
suggest that chitosan coating promotes coagulation and acts as a powerful antimicrobial, but it also
promotes the healing of injuries by feeding beneficial microorganisms. As a result, chitosan covering may be
appropriate as a primary technique for treating infections [23].

Gram-negative bacterial cell walls have higher levels of hydrophilicity and negative charge than gram-
positive bacterial ones. As a result, chitosan demonstrated a higher contact with gram-negative bacteria,
which increased its antibacterial efficacy against them [24].

Anti-inflammatory Activity

The structural components of chitosan's molecule, which are independent of MV (viscosity-average
molecular weight), are what contribute most to the anti-inflammatory effect of the substance [25]. Chitosan
supports the treatment of acid indigestion and peptic ulcers because it is alkaline and has amino acid groups
that are free which can eliminate digestive acids and produce a barrier of protection in the intestines. The
glucosamine hydrochloride or its phosphate, sulfate, and other salt production through salt transformation,
as well as the acid hydrolysis of chitosan, are accountable to the anti-inflammatory mechanism of chitosan
[26].

Anti-oxidant Activity

Chitosan and its derivatives function as antioxidants by killing extremely persistent DPPH radicals used
in experimental studies as well as oxygen radicals including, superoxide, hydroxyl, and alkyl. Low molecular
weight chitosan samples showed a greater capacity to scavenge various radicals. Bioadhesive and
bacteriostatic chitosan also functions as an antioxidant, chelating agent, and hemostatic agent [27].

Anti-tumor Activity

Through both in vitro and in vivo testing, the intrinsic anticancer activity of chitosan and its low molecular
weight variants was confirmed [28]. Chitosan has antitumor effects against a number of tumor cell strains
under laboratory conditions and can be used in tumor-fighting due to the high molecular weight of
chitosan's biodegradability and biocompatibility. Different molecular weights of chitosan and degree of
deacetylation (DDA) have been linked to growth-inhibitory actions toward tumors in clinical mice, while
their anticancer action seems to rely upon their chemical structure and molecular size [29].

Phases of wound healing
The several stages that often constitute the wound healing process are hemostasis, inflammation,
proliferation, and remodeling. The inflammatory phase is characterized by hemostasis and inflammation,
which occurs when collagen that has been exposed as a result of wound development and blood clot
components release cytokines and growth factors to initiate the inflammatory phase [30].

The key process in the healing of wounds is the dynamic shift from the inflammatory phase to the
proliferative phase. The (a) fibroplasia, (b) re-epithelialization, (c) epithelial-mesenchymal interaction, (d)
angiogenesis, (e) peripheral nerve repair are all signs of the proliferative phase and it is orchestrated by
macrophages, predominant in inflammatory phase [31]. The schematic representation of different phases of
wound healing is illustrated in Figure 2.
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FIGURE 2: A schematic representation of the phases of wound healing
ECM: Extracellular matrix

At the completion of the granulation tissue formation, the remodeling phase begins [32]. The immature scar
might proceed to the ultimate remodeling stage once the wound has healed. Depending upon the wound
severity, the remodeling phase could last up to a year before the wound starts to heal properly [33].

Role of chitosan in wound healing
The complex and highly coordinated wound healing process takes place in the four stages of hemostasis,
inflammation, proliferation, and skin remodeling.

Hemostasis

Hemostasis is the initial phase of wound healing that begins as soon as an injury occurs. Its primary goal is
to control bleeding and prevent excessive blood loss. Blood vessels tighten (vasoconstriction) to limit blood
flow and prevent excessive blood loss.

Erythrocyte accumulation and fibrinolysis are both prevented by chitosan, which also encourages platelet
adhesion and aggregation [34]. The reactions among positively charged ions in chitosan and negatively
charged ions in red blood cell membranes may alter biological responses to proteins. These interactions
could improve hemagglutination and promote the adherence of platelets and stimulation [35].

Chitosan possesses a strong positive charge due to its amino group (-NH2), which helps it to attract and
bond with negatively charged constituents such as RBCs at the wound site, and when combined with a
procoagulant, it forms a blood clot to stop bleeding quickly.

Inflammatory Phase

Inflammation, which appears as redness, heat, swelling, and pain at the injury site, is an important stage in
the course of wound healing. It includes attracting antibodies, such as primary macrophages and
neutrophils, towards the location of the lesion. While macrophages are necessary for sweeping away debris
and starting tissue healing, neutrophils aid in the removal of germs and foreign particles.

Chitosan and its byproducts accelerate wound healing by improving the abilities of cells associated with
inflammation such as macrophages, polymorphonuclear leukocytes (PMN), osteoblasts, and fibroblasts [36].
Chitosan possesses qualities that make it an appealing component for biomedical applications and may serve
to eliminate bacteria from the area of injury through the process of inflammation stage, among other
applications. The anti-inflammatory characteristics of chitosan assist in modifying the immune system's
response to inflammation by decreasing the production of chemokines and cytokines that are pro-
inflammatory [37]. Chitosan has a range of immunomodulatory effects since it can produce a variety of
cytokines. Additionally, it helps to lessen the accumulation of fluid and edema at the site of the wound.

It has been discovered that chitosan aids in the movement of inflammation-related cells that are necessary
for the production of development factors and pro-inflammatory substances during the initial stages of the
healing process. This is also capable of entering the nucleus of microorganisms, which is where it binds to
the DNA as well as prevents the creation of mRNA and proteins [38].
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Proliferative Phase

The initial inflammatory phase is followed by the proliferative phase. During the proliferation phase, various
cellular processes are involved in repairing the damaged tissue.

The cell proliferation phase involves three phases, (1) neo-angiogenesis, (2) formulation of granulation
tissue, and (3) ECM re-epithelialization.

Chitosan has the ability to stimulate platelet-derived growth factor (PDGF) and transforming growth factor
(TGF) release. Chitosan supplies a non-protein matrix for the development of 3D tissues and stimulates
macrophages to engage in tumor-curing functions [39]. Chitosan can act as a carrier for growth factors or
cytokines that encourage cell movement, growth, as well as differentiation and also stimulate the
construction of new vessels in the bloodstream (angiogenesis), that provide nutrients and oxygen for
proliferating cells [40].

Skin Remodeling

Skin remodeling is a continual and dynamic process that happens throughout life. It refers to the natural
regeneration and preservation of the framework and operations of the skin.

Chitosan precipitation across the dermis might help injured cells heal by forming a system that connects
cells and stimulates collagen production while preserving adequate oxygen penetration. Additionally, this
has strong biodegradability, biocompatibility, hemostatic, anti-inflammatory activities, antibacterial,
beneficial exudate intake, and promotes rejuvenation of tissues as well as the formation of skin collagen
fibers. It lends itself for use to be a component in a wide spectrum of dermatological treatments [41].

Due to their intriguing properties including biological suitability, biodegradable properties, and insufficient
toxic effects that render them helpful to the medical area chitin and chitosan are now getting a lot of
attention in their medical and pharmaceutical uses. Chitosan can be used as a covering for common
biomedical materials and has an accelerating effect on wound healing. When chitosan is present, the
promotion of adherence of platelets by plasma and extracellular matrix proteins has a considerable favorable
impact on wound healing [42].

Biomaterials and clinical applications 
Medical Implants

Patients with joint conditions including osteoarthritis and rheumatoid arthritis could need surgical
procedures like hip and knee replacements. Among the orthopedic implants utilized in these circumstances
are appliances and parts for temporary fracture fixation, such as plates, screws, wires, and nails. Polymer
biomaterials like polyethylene and polyetheretherketone (PEEK) and metals like titanium and stainless
steel are used for implanting bone grafts [43].

Wound Healing

Biomaterials are used in the forms of scaffolds, hydrogels, impermeable films, alginates, hydrocolloids, and
foams. Biomaterials are also employed in administering localized nucleic acids to chronic wounds that are
non-healing. By focusing on gene pathways, they manipulate the process of wound healing toward a pro-
healing environment. In Cold Atmospheric Pressure Plasma (CAP) therapy, biomaterials and temporary
tissue restoration scaffolds are being used for their antibacterial effects, wound acidification, elevated
microcirculation, and cell stimulation from a single application. Encouraging remodeling and
epithelialization along these briefly implanted skin replacement scaffolds has the potential to promote
wound healing. Recent developments include using 3D printing to dose topical formulations for wound
dressings, using and controlling stem cells to create healing tools that mimic natural healing processes
while also restoring factors like variables including cutaneous appendages, vascular plexus, and visceral
tissues, as well as darkening [44,45].

Tissue Engineering

Biomaterials are crucial for growing tissues and organs in the lab for transplantation. They act as a scaffold
on which cells can bind, and differentiate. A carefully crafted mixture of cells, spatiotemporally delivered
biologically active substances and a customized scaffold framework are required for the engineering of
complex tissues [46]. The direct implantation of a scaffold that has been specifically sized and shaped and is
pre-fabricated from biocompatible biomaterials. By encouraging the host's tissue regeneration, it draws in
nearby cells. As a result, it offers an immune-compatible material, preventing the resistance of the
transplanted scaffold [47]. The capacity of tissue engineering biomaterials to promote cellular activity,
molecular communication, and the required mechanical support in order to accelerate tissue regeneration is
referred to as biocompatibility [48]. 
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Biosensors

Biomaterials have been widely exploited to create effective biosensing prototypes, such as polymeric fibers
and polymer composites combined with conducting materials.

To create more effective diagnostic systems, multidisciplinary design methods are used while creating
biosensors employing different biomaterials. Natural biopolymeric materials like chitosan are used for
developing biosensors made via protein immobilization [49].

Pharmaceutical Applications

Different delivery systems have been designed to lessen the persistent impacts of medications or elements
like steroids when used in oral health issues like dental calculus, osseointegration, peri-implantitis,
recovery, resorption of bone, and other associated diseases. The biomaterials consisting of organic
polymeric substances such as gelatin, chitosan, hyaluronic acids, and calcium phosphate as well as metal-
based transmitters like gold, titanium, and silver help to acquire the best bio-compatible compositions,
control the flow of drug absorption, lower oral microbial ailments and reduce the dosing regularity. These
technologies and equipment suggest efficient treatment delivery methods for oral disorders [50].

Biomaterials are employed in drug delivery by delivering cells and bioactive chemicals together with the
deployment of a scaffold or support structure. They might be capable of migrating cells, growth-promoting
agents, and water-soluble medications to a tissue defect in a way that fosters conditions for lasting cell
sustenance, proliferation, and differentiation [51].

Utilizing biomaterials rather than non-biodegradable materials helps to regulate the pace of drug
absorption, access optimal biocompatible compositions, and decrease the frequency of dosage.

Biomaterials are used in the manufacturing of silicone hydrogel contact lenses, rigid gas permeable contact
lenses, soft hydrogel contact lenses, intraocular lens materials, contact lens care solutions, and cleaners,
topical/intraocular anesthesia, and intraocular controlled drug delivery [52]. The well-known silicone
hydrogel and hydroxy ethyl methacrylate (HEMA)-based lens materials have developed into contact lens
(CL) materials. Due to the nature of these biomaterials, which are exceptionally biocompatible,
cellulose, polyethylene glycol (PEG), chitosan, hyaluronic acid (HA), and other bioavailable compounds were
transplanted or incorporated into these hydrogels [53].

Biomaterials are used as films in hair beauty products and transfer-resistant colors for cosmetics. They are
also used as thickening agents and rheology agents in emulsions, hair colorants, and gels as well as
moisturizers and conditioners. In order to protect hair and conform it to the desired styles, polymers used
for hair conditioning and styling form films [54].

Several hydrogels that can be used as a "beauty mask" mostly contain collagen. This type of cosmetic will
enhance anti-aging characteristics and restore skin elasticity [55].

Bioadhesive polymers provide adaptability to healthcare and pharmaceutical innovations. Incorporating
these materials into typical forms of administration or surgical instruments could increase or enhance the
adhesivity of the bioadhesive structures, extending their retention period at the point of intake or activity
and resulting in a long-lasting absorption of active ingredients along with superior accessibility and
medicinal benefits [56]. Using photochemical tissue bonding (PTB) has great potential in tissue repair as a
suture-less approach. Rose Bengal (RB) combined with a chitosan film can be used as a bioadhesive, a
substitute for sutures in nerve-repairing devices. When compared to suture repair, RB-chitosan adhesive
was proven to lead to a speedier and more pronounced recovery of grip force [57].

Biomaterials have diverse properties including biocompatibility and remarkable physical characteristics,
making them invaluable not only in these fields but also in the various fields of applications like surgery,
biocompatible lubricants, bio-imaging, diagnostic tools, drug testing, organ regeneration/artificial organ,
and so on.

Chitosan as a biomaterial
A biomaterial made from chitin called chitosan is very adaptable. It has been utilized for systemic and local
medication and vaccine distribution, and its biocompatibility, ability to degrade, and bioactivity serve as an
intriguing substance over a range of uses in the form of biomaterial in healthcare and drug companies [58].
Chitosan has high biological compatibility and low harmful effects because of the inherent structural
stability of glycosaminoglycan [59]. Chitosan is currently being studied as an intriguing polysaccharide
resource [60]. Chitosan has been reported to be extremely biodegradable, owing to the fact that its molecular
chains can be digested by either lysozyme or chitinase under physiological circumstances [61]. It is also well
tolerated by living things, including people, making it appropriate for use in a variety of pharmacological in
addition to therapeutic uses. It acts as a biopolymer with minimal harmful effects and can be broken down
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through enzymatic hydrolysis using the proteolytic enzyme lysozyme [62].

Chitosan's antibacterial action uses two different methods. The first process is that the chitosan's positive
charges may interact with the bacterial surface's negative charges, altering permeability and allowing solutes
to escape the cells. The second process involves the possibility of binding with bacterial DNA cells, which
prevents the manufacture of RNA [63].

Chitosan is a polycation because of its protonated amino groups, which may create ionized structures in a
wide range of organic and synthetic anionic species, such as proteins, lipids, some negatively charged
synthetic polymers, and DNA [64].

Chitosan is a versatile material that may be molded into a variety of objects, including sponges, films, gel,
fibers, beads, and solutions and due to its adaptability, it can be customized for a variety of uses, including
tissue engineering, drug delivery and wound healing.

Chitosan could be used in various forms as a biomaterial which includes scaffolds, hydrogels, membranes,
and sponges. A schematic representation of types of chitosan-based biomaterials is illustrated in Figure 3.

FIGURE 3: A schematic representation of the types of chitosan-based
biomaterials

Overall, chitosan is a significant biomaterial with an array of applications in medical treatment, healthcare,
cosmetics, and numerous industries attributable to its special mix of biocompatibility, biodegradability,
antibacterial characteristics, and diversity in formulation. The chitosan-pectin-TiO2 covering material
maintained an optimal level of control over the vaporized transpiration of water from wound beds, absorbed
more exudates, and kept the wound beds moist without running the danger of exudate accumulation or
dehydration [65].

Types of chitosan-based biomaterial applications
Chitosan-Based Fibrous Scaffold 

Chitosan/polycaprolactone scaffolds loaded with mupirocin and containing lidocaine hydrochloride (LID)
are versatile wound dressings. The scaffolds were given a nanofibrous framework that improved the interface
between the scaffold and cells in the plasma and demonstrated effective blood coagulation ability.
Particularly, these scaffolds showed quick LID release and sustained mupirocin discharge. Mupirocin-
containing CSLD-PCLM scaffold (mupirocin-loaded chitosan/polycaprolactone) had exceptional
antibacterial efficacy. Additionally, in a full-thickness skin defect framework, the accumulation of collagen
and complete re-epithelialization were both greatly facilitated by the scaffold during the wound healing
process. As a result, these polymeric nanofibrous scaffolds are potential options for wound dressings in
upcoming clinical applications and may perfectly suit the varied criteria of the wound healing process [66].
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An electrically stimulated fluid of solutions of polymers is created on a spinning technique during
electrospinning, employing the forces of electrostatic from the polymer solution to generate nanofibers.
Chitosan has demonstrated an ideal result for applications involving the rejuvenation of tissues when
electrospun with other bio-polymers (gelatin, chitosan, etc.) [67].

Nanofibers made of chitosan showed great promise for treating wounds. Their structure and makeup closely
mimic the extracellular matrix found in the body, which promotes the regeneration of tissues. It is
anticipated that chitosan's slow biodegradation will encourage its elimination, thus avoiding a need for
tragic debridement. Furthermore, natural chitosan metabolites produced during biodegradation ought to
encourage hepatic regeneration [68].

Nanofibers made of chitosan promote angiogenesis, cell migration, adhesion, and proliferation. Some fibers'
hydrophilicity and bioactivity were increased by covering them with chitosan to accelerate wound healing.
The fibrous membranes were shown to be biocompatible in in-vitro experiments using fibroblasts because
they had good cell viability which enhanced cellular adhesion and growth. In actuality, only fibers coated in
chitosan produced fully colonized tissues. Chitosan is useful for enhancing the characteristics of polylactic
acid (PLA) nanofibers and creating composite fibrous membranes with potential uses in wound treatment
[69].

Chitosan/polyvinyl alcohol (CS/PVA) fibrous membranes along with the antimicrobial enzyme lysozyme
prevent wound infections [70]. When integrated into electro-spun chitosan/polyethylene oxide (CS/PEO)
fibers, nano-silver particles demonstrated antibacterial activity that is linked to wound infections. Electro-
spun CS/arginine fibers had faster wound healing and antibacterial characteristics [71].

As a wound treatment, carboxymethyl-hexanoyl chitosan nanofibers demonstrated good biocompatibility
for fibroblasts while maintaining their antibacterial properties.

For third-degree burns, chitosan-nanofiber mats were developed and evaluated as an injury dressing.
Chitosan-nanofiber coatings offered efficient exudate absorption, wound ventilation, infection prevention,
and encouragement of the regrowth of skin tissue. The removal of these polymers minimized the amount of
physical injury done to the lesion.

Leishmanial ulcers treated with CS/PEO nanofibers containing berberine (BBR) experienced quick
macroscopic and microscopic wound healing, and the wound diameter was dramatically reduced. The
greatest influence on the healing process came from chitosan scaffolds, which reduced the amount of wound
tightening and promoted the growth of neo-dermis and re-epithelialization of the wound [72].

Chitosan nanofibers and PVA produced a scaffold with antibacterial properties. The fibroblast culture
demonstrated that the generated nano-scaffold was ideal for the proliferation of fibroblast. Keratinocytes
swelled, causing aberrant epidermis formation. If chitosan were added to the scaffold, healing would be
enhanced, and the color of the wound site [73]. The various properties of chitosan-incorporated substances
are demonstrated in Table 1.
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Chitosan

Substance incorporated Properties

Polylactic acid (PLA) Cellular adhesion and proliferation, development of fibrous membrane

Chitosan/polycaprolactone (CSLD-PCLM)
+ mupirocin with lidocaine hydrochloride
(LID)

Blood coagulation, antibacterial activity, facilitates collagen deposition,
sustained release of mupirocin, quick release of LID, and complete re-
epithelialization

Polyvinyl alcohol (PVA)
Antibacterial activity, fibroblast and keratinocyte proliferation, lighten the color
of the wound site

Polyethylene oxide (PEO) + berberine
(BBR)

Reduced wound contraction, promotes the growth of the neodermis and re-
epithelialization of the wound

Carboxymethyl-hexanoyl Biocompatibility for fibroblasts, antibacterial activity

Arginine Faster wound healing, antibacterial activity

Polyvinyl alcohol (PVA) + lysozyme Prevents infection of wounds

Polyethylene oxide (PEO) Enhanced antibacterial activity

TABLE 1: Demonstration of various properties of chitosan-based fibers

Chitosan scaffolds offer active areas of research and innovation in wound healing as they hold the capacity
for enhancing clinical results, reducing complications as well as improving the overall healing process.
However refining scaffold design, exploring new drug delivery strategies, and conducting large-scale clinical
trials are needed.

Chitosan Hydrogels

Chitosan is regarded as the perfect substance for hydrogels because of its ability to degrade, biological
compatibility, non-toxicity, and antimicrobial properties. Characteristics, biological properties, hemostatic
action, and capacity to easily react with other chemicals and undergo chemical change. Hydrogels are an
important branch of chitosan material application since they have demonstrated potential as bone fracture
fixation devices and wound dressings [74]. The hydrogels' porous structure allowed for a more gradual
removal by the integrated antimicrobial chemical within the hydrogel matrices. According to Fasiku et al.,
the hydrogel proved to have a harmless effect and an excellent viscosity suitable for topical application [75].
Chitosan-based hydrogel dressings will have a higher capacity to hasten wound healing when modified
and/or coupled with other polymers. Certain chitosan hydrogels can carry biologically active
compounds (drugs, cultivated materials, embryonic cells) and control the discharge of the injury, such as the
chitosan-PVA hydrogel [76]. Chitosan-based hydrogel's ability to maintain a moist wound environment was
successful in stimulating tissue regeneration and epithelialization [77]. Chitosan-based hydrogel wound
dressings have the potential to dramatically enhance wound repair when compared to inert hydrogels
because of the polysaccharide's innate biological properties [78].

Chitosan-based hydrogels' enhanced bioactivity enables them to hasten vascular development and the
formation of collagen development enhances inflammatory cellular activity, and shields injuries via
microorganisms, all crucial steps in the healing of wounds, especially those that are infected. Hydrogels
created solely from chitosan and cross-linking agents, however, lack sufficient antibacterial characteristics
due to their limited solubility [79,80]. Chitosan hydrogels may stimulate cell movement and growth, both of
those being crucial processes during the healing of wounds. They may additionally increase the activity of
keratinocytes, and vascular cells along with fibroblasts, as well as stimulate angiogenesis. A hydrogel may
experience external mechanical force when inserted under the skin or employed as an external dressing on
the injury site, thereby shortening the dressing's lifespan. The hydrogel's ability to mend itself allows it to
keep its underlying structure, recover its primary functions, and extend the life of the dressing. The
hydrogels that Craciun et al. experimented with showed good stability, microporous anatomy, and porosity
width determined by the fluid content, and degradation in aquatic conditions regulated by pH [81].

The disc diffusion approach was employed to evaluate the hydrogel specimens for their ability to kill
bacteria. The findings revealed that the chitosan-based hydrogels had effective antibacterial properties
towards Gram-negative bacteria Escherichia coli strains which is explained by how chitosan interacts with
the bacteria's plasma membrane [82]. Chitosan hydrogels' main uses in wound healing include their use as
hemostatic agents and wound dressings to hasten the recovery process. The permeability of chitosan-based
hydrogels possesses a significant impact on parameters like swelling, adherence of cells, and cell growth
rate that are essential to tissue formation in scaffolds employed for tissue engineering. Self-healing
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hydrogels' injectability in tissue regeneration, personalized drug administration, and suitability as a
material for 3D and 4D printing [83].

Chitosan Membranes

Chitosan membranes are a form of biomaterial used in wound healing that can speed up and enhance the
healing process. On the basis of synthetic or natural polymers, arrays of wound-dressing products were
created. There are several different primary categories of wound-dressing resources, including, gels,
hydrocolloids, films, membranes, fibers, and sponges. A "membrane" can refer to an instrument meant to
separate an area from its surroundings. The majority of the time, membranes are hydrate films used in
biological and medical research. Research has demonstrated that cross-linking improves the durability and
adsorption capability of chitosan membranes [84]. Chitosan is initially dissolved in a solution of acetic acid
in the solution casting-evaporation method, considered to be an extremely fundamental technique for
generating chitosan membranes. The primary drawback of this strategy is that mammalian cells are fatally
affected by acetic acid and other chemical cross-linkers like glutaraldehyde and carbodiimide. As a result,
the speed at which wounds can heal is significantly constrained by this strategy. Matica et al. produced
chitosan-glycerol membranes packed alongside silver sulfadiazine (AgSD) along with tetracycline
hydrochloride (TH) using an easy casting-evaporation technique, as well as they assessed the inhibition rate
of bacterial proliferation against Escherichia coli and Staphylococcus aureus through determining the
inhibition region diameter [85].

Azad et al. observed that keratinocyte generation was more common and re-epithelialization moved forward
more swiftly in the regions coated with chitosan mesh membrane than in the vehicle for measurement [86].
Upon completing the process of re-epithelialization, there had been no dead tissue in the chitosan-dressed
region [86]. The application of chitosan-alginate membrane for the cure of ulcerated skin is also having an
excellent effect on every stage of the healing process. Chitosan-alginate membrane was found to help
regulate all phases of wound healing [86]. 

Chitosan membranes can be made to fit a variety of sizes and types of wounds. They are utilized in an array
of medical contexts, like surgical scar dressings, burn treatment, and the handling of long-term injuries. The
efficiency of chitosan membranes can, however, vary based on the kind of wound, the patient, as well as the
specific chitosan formulation getting utilized.

Chitosan Sponges

It is envisaged that controlling the arrangement of pores and functional remodeling will improve the anti-
infective and hemostatic properties of the hemostats. A simple and manageable architectural feature that
can facilitate the transfer of air, nourishments, and metabolic products as well as blood circulation, cell host
permeation, and interaction with the tissues around it is the incorporation of microchannels into three-
dimensional (3D) structures. Hemostats have been made using chitosan because of its unique qualities. As a
result of the potent water-resistant exchanges that exist among alkyl chains and the membranes of red
blood cells (RBCs), microbes, and platelets, placing water-repellent alkyl chains inside a chitosan core might
enhance its hemostatic and anti-infective properties. A microchannel structure that has been integrated
into a chitosan sponge allows for quick shape recovery through the absorption of blood and water. This
chitosan-based sponge has greater pro-coagulant capacity under laboratory conditions and hemostatic
ability on models of perforation, heparinization, and lethally normal wounds. This demonstrates their
ability to effectively treat potentially fatal noncompressible hemorrhages and promote wound healing on a
clinically significant level [87].

Due to the sponge's high porosity nature, controlling the medication release from it can be fairly
challenging. High structural porosity and the hydrophilic nature of chitosan cause quick dissolution of any
activated compound, particularly when using the water-based ingredient. Thus, chitosan could be modified
to act as a controlled release system by minimizing its hydrophilicity [88].

Blood moisture may be absorbed by hydroxy-butyl chitosan and chitosan, an integrated sponge that has
excellent hydrophilicity, which can boost the concentration of blood and consistency and produce a semi-
swelling fluid colloidal material that can block blood vessels. The integrated sponge has no harmful effects
on cells as well as can encourage fibroblast development. The capacity of the epithelial cells to adhere to the
integrated sponge and penetrate its inner layers to facilitate wound healing, aid in the quicker development
of skin glands, and promote re-epithelialization encourages the application of such sponge for dressings for
injuries [89]. The use of chitosan sponges that have been treated with antibiotics has increased lately. There
are still few clinical investigations on the use of chitosan sponges to deliver topical antibiotics. Future
research on the association between alcohol consumption and wound dehiscence and dosage response
should be considered [90].

Chitosan biomaterials in therapeutics
Chitosan-based materials, because of their bio-compatibility and ability to function as sites of interaction
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alongside biologically active substances, have been widely explored in the oral route for the delivery of
medications as well as methods for topical distribution, gene delivery, and even cancer therapy. Various
applications of chitosan-based biomaterials are illustrated in Figure 4.

FIGURE 4: Various applications of chitosan-based biomaterials

Diabetic Wound Healing

Chitosan biomaterials have shown potential in diabetic wound healing, where the healing process can be
hampered by diabetes-related factors such as reduced blood circulation and compromised immunological
function. Mirbagheri et al. discovered that electrospun chitosan nanofibres offer a promising therapy option
for controlling diabetes and chronic wounds [91]. The use of chitosan films can have a direct impact on the
cost of diabetic foot therapy and amputation surgery [92].

Chitosan hydrogels are being found to enhance the healing of wounds in diabetic wound ulcers by offering a
moist atmosphere to the injuries, facilitating cell migration and tissue regeneration [93]. Chitosan gels and
films were reported to hinder Gram-positive and Gram-negative bacteria emergence in people with diabetes
with ulcerated skin [94].

Burns

Chitosan nanofibers demonstrated fibroblast proliferation and angiogenesis in second-degree burned areas
in rats, while chitosan coverings cured second-degree burns in people in vivo trials. Chitosan hydrogels are
being demonstrated to heal third-degree burns without causing irritation or injury [95]. Chitosan
membranes act as a physical barrier over burn wounds, keeping external pollutants, debris, and infection at
bay. In situ, injectable chitosan hydrogels show changes from inflammation to proliferative phase in full-
thickness third-degree wounds from burns of Wistar albino rats [96].

Drug Delivery

As a viable local drug delivery system, ornidazole-loaded PVA/carboxymethyl-chitosan blend films were
investigated. A small number of investigations in mammalian models have revealed that chitosan-derived
delivery methods are safe and biocompatible. As a result, it is feasible to modulate drug release and improve
solubility or absorption, hence increasing or maintaining pharmacodynamics and biological responses [97].
Chitosan nanoparticles, due to their smaller particle size, can facilitate controlled drug release, improving
drug stability and bioavailability by penetrating the mucous layer [98].

Chitosan in Tissue Engineering

Tissue engineering is a well-studied topic in which chitosan is utilized to make polymeric scaffolds for the
reconstruction and regeneration of tissues [99]. In tissue engineering, which aims to develop functional and
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biocompatible substitutes for injured or destroyed tissues and organs, chitosan membranes play a vital role,
whereas chitosan hydrogels demonstrate effective bone regeneration. Chitosan film containing titanium
dioxide nanoparticles has both mechanical and biological regeneration characteristics. The membrane build
exhibited excellent physical, crystallization, and flexibility characteristics. Membranes also demonstrated
antimicrobial effects towards Staphylococcus aureus [100]. Chitosan sponges may be employed in filler
substances in tissue engineering of bones.

Dentistry

Antibiotics (such as metronidazole, chlorhexidine, and nystatin) can be delivered to oral cells in actual
conditions to fight off fungal diseases and oral stomatitis using chitosan in the form of nanoparticles and
resorbable films [101]. Interesting physical characteristics of chitosan gels may be influenced by chitosan
concentration. In fact, it has been demonstrated that these chitosan-based gels (1-4%) possess intriguing
consistency that allows them to be administered inside spaces in the periodontal tissue. Moreover, it could
be trusted to deliver active medications to the site of the disease [102].

Here, chitosan-based restorative materials are being considered for effectively delivering organic
amelogenin at the locations of enamel defects. The application of chitosan antioxidant gel to dentin
increases the bonding of composite resins while also increasing impermeability. According to some studies,
chitosan hydrogel can produce a strong dentin bonding system and boost shear bond strength [103].
Numerous researches have demonstrated that experimental chitosan-based biomaterials can enhance the
preservation and neoformation of dental pulp tissue, indicating the possibility of using the polymer for pulp
structure restoration and preservation [104].

Chitosan in Biosensors

Biosensors can be created using chitosan nanofibers because of their excellent biocompatibility and high
enzyme loading capacity. The nanoparticle incorporation of gold in the network of composite chitosan
nanofibers provides the biosensor's superior electrochemical performance in the detection of cholesterol
[105].

Molecular Imaging

Chitosan and its derivatives offer an appealing toolbox for complex molecular imaging applications.
Although there is undoubtedly still much to be done before chitosan's full potential can be realized, the
advantages are substantial enough to justify the effort [106].

Bioprinting
Chitosan biomaterials are becoming more popular and are being used in the cutting-edge technology of
bioprinting, which is used in stem cell therapy and tissue engineering. Complex 3D structures can be made
by precisely depositing living cells and substances via bioprinting. Bioprinting is the process of assembling
living and non-living components according to a specified 2D or 3D pattern using technologically assisted
transmit technologies in order to create bio-engineered frameworks.

The process of putting bioprinting into practice entails several steps, which are referred to as (i) plan, (ii)
print, and (iii) process. These steps indicate (1) designing the whole print layout and the bioprinting
elements (such as bio-inks, cells, and biomaterial inks), (2) using the right bioprinter to print the desired
construct, and (3) processing the generated construct. Finding the biological question of interest is the first
step in the process; it will naturally direct other choices made during the planning and printing phases [107].

Chitosan in Bioprinting

Chitosan is a strong option in wound healing and tissue bioprinting in 3D due to its hydrophilic nature,
which encourages nearly every form of cell by attachment and grows within the scaffolds [108]. In human
mesenchymal stem cells (MSCs), cell differentiation into osteogenic or adipogenic lineage has been affected
by bio-printed agarose, collagen, chitosan-agarose, and collagen-agarose hydrogels [109].

The printed bio-inks based on chitosan have special properties like outstanding cell/matrix encounters,
replicating the structure of original tissue, offering an atmosphere for nutrition and oxygen transfers, and
generating a favorable immunological response after implantation. Chitosan may have strong antibacterial
properties when present in bio-ink formulations. Bacterial mortality or growth restriction results from the
capacity of protonated NH3+ in chitosan to interact electrostatically and penetrate through the negative
shell membrane of bacteria.

When used in bone, vascular, and cartilage tissue, extrusion-based and laser-based bioprinting of chitosan
demonstrated properties like durability under physiological circumstances, a relevant variety of the solution
viscosity numbers, usefulness, survival of cells, growth, and division, and printing capability [110]. Skin,
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cartilage, bone, blood vessels, and other tissues and organ constructions can be made using chitosan-based
bioprinting. These concepts might be used in transplantation and regenerative medicine.

The printed hydrogel constructions remained mechanically stable under physiological settings, and the
polyelectrolyte chitosan gelatin hydrogels also showed excellent biocompatibility with human skin cells and
high printability [111]. Due to their excellent biocompatibility, chemical gel formation ability, moderate
breakdown, and ECM element modeling properties, chitosan additives have become widely used as cell-
laden "bio-inks" for liver cells and 3D bioprinting of organs. Gelatin was added to the chitosan to modify it,
resulting in printable polyelectrolyte gelatin-chitosan (PGC) hydrogels. The PGC hydrogels have been
optimized for bioprinting skin structures. The viscosity of the PGC hydrogels was sufficiently high. A
chitosan solution was used to 3D print polyethylene terephthalate. Chlorhexidine was infused into each
coating of the polyethylene terephthalate-chitosan cloth, a heating device, which also increased the
integrity of the porous 3D-printed scaffold and increased the distribution period of chlorhexidine. Chitosan
can be co-printed into irregular structures with other natural polymers, and typically, the lowermost section
is capable of touching the skin that is injured [111,112].

For medication testing and illness research, in vitro disease models made from bio-printed tissues utilizing
chitosan-based bio-inks can be used. In order to create dental implants, oral mucosa, and periodontal
tissues, they are also employed in bioprinting for dental and oral tissue engineering. Bioprinting will
revolutionize healthcare in the coming years by making it possible to create functional, patient-specific
tissues and organs and by fostering the production of cutting-edge medicinal solutions. The potential for
bioprinting applications is numerous and offers great promise for enhancing the quality of life and
healthcare outcomes as research and technology advance.

Conclusions
In summary, the utilization of chitosan-based biomaterials in wound healing presents both promise and
challenges. These natural polymers have shown significant potential in promoting wound closure, tissue
regeneration, and infection control. The biocompatibility and biodegradability of chitosan indicate that it is
a desirable choice for surgical dressings as well as scaffolds, with minimal adverse effects reported. However,
critical assessment reveals several areas that warrant further investigation. The effectiveness of chitosan-
based materials may depend on variables like origin, molecular weight, and processing techniques.
Achieving consistent results and optimizing material properties remain ongoing challenges.

Moreover, while chitosan's antimicrobial properties are advantageous, their long-term impact on the wound
microbiome needs careful consideration. Additionally, more comprehensive clinical studies are necessary to
establish the safety and efficacy of chitosan-based items that treat wounds. In conclusion, chitosan-based
biomaterials has demonstrated its ability in healing of wounds, but a deeper understanding of their
properties, standardization in manufacturing, and rigorous clinical validation are crucial steps to harness
their full therapeutic potential and ensure their safe and effective use in clinical practice.
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