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Abstract: Biopolymers are organic polymers that can be treated into intricate designs with porous
characteristics that mimic essential biologic components. Due to their superior biosafety, biodegrad-
ability, biocompatibility, etc., they have been utilized immensely in biomedical engineering, regenera-
tion, and drug delivery. To obtain the greatest number of results, a literature search was undertaken
in scientific search engines utilizing keywords. Chitosan is used in a variety of medical sectors, with
the goal of emphasizing its applications and benefits in the clinical dental industry. Chitosan can
be dissolved in liquid form and combined with other substances to create a variety of products,
including fibers, hydrogels, membranes, microspheres, resins, sponges, pastes, tablets, and micro
granules. Chitosan has been studied in a variety of dental applications. Chitosan is used in the
prevention of caries and wear, in pulpotomy to accelerate osteogenesis in guided tissue regeneration
due to its hemostatic property, and primarily to benefit from its antimicrobial activity by adding
it to materials, such as glass ionomer cement, calcium hydroxide, and adhesive systems. With its
antibacterial activity and biocompatibility, chitosan is leading the pack as a promising ingredient
in the production of dental materials. The current review provides an update on the background,
fundamentals, and wide range of uses of chitosan and its gels in dental science.

Keywords: biopolymer; chitosan; cross-linking; hydrogel; regeneration; tissue engineering

1. Introduction

Chitin is one of the naturally found polymers like collagen, alginate, and cellulose [1].
The recent surge in the research on these polymers is based on their ability to be used as
an alternative to fossil fuels and being environmentally friendly [2—4]. Chitin occurs in
the skeleton of arthropods, the cell wall of fungi, insects, and mushrooms and appears
primarily as waste from the seafood/fish industry [2-10]. The limited de-acetylation of
chitin converts it into chitosan, which otherwise has a limited existence in the environment.
The term chitosan is used for deacetylated chitin, which contains 60% D-glucosamine
residues minimally [11,12]. The deacetylation converts chitin, the water-insoluble polymer,
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to chitosan, which is partially water-soluble [13]. It is preferred to investigate the character-
istics of the final product as the polymer may undergo many changes during the process,
and it is difficult to estimate its final structure and the properties it shall achieve after the
completion of the manufacturing. Chitosan can be mixed with different components in
liquid form and molded into various shapes: fibers, hydrogels, membranes, microspheres,
resins, sponges, pastes, tablets and micro granules [9,12].

Chitosan has been utilized in dentistry for caries prevention, as well as in nano-
materials to increase mechanical integrity, antimicrobial previously damaged tissue regen-
eration, dentin matrix, and to close the canal space during root canal therapy. Chitosan
nanoparticles are resorbable films that can be used to administer antibiotics (such as metron-
idazole, chlorhexidine, and nystatin) to periodontal tissues in situ, therefore preventing
fungal infections and oral mucositis [14,15]. Chitosan has been identified as a promis-
ing substrate material for periodontal tissue regeneration due to its compliance with the
aforementioned features. Thambiliyagodage et al. reported on a commercially available
non-fluoride chitosan-based dentifrice and found a considerable decrease in tissue loss. A
number of chitosan-based restorative formulations have been investigated and are being
considered for the effective delivery of organic amelogenin at the location of enamel defects
in order to achieve human enamel regeneration [16]. A number of researchers have found
that covering dental implants with chitosan has encouraging outcomes. Recent progress in
this subject has resulted in the use of chitosan as a carrier for chitosan-mediated stem cell
repair [14-16].

Knowledge of the structure of hydrogels and the mechanism of gelation of intelligent
hydrogels is essential to designing bioinspired hydrogels [17,18]. As one of the raw materi-
als in hydrogels, chitosan has been highly pursued due to the polymer’s biocompatibility,
biodegradability and low toxicity. Its good biocompatibility is well documented in animal
studies, which implies its usage for the fabrication of implantable biomaterials [18,19].
The current review aims to provide an update on the structure, properties and numerous
applications of chitosan as a frontline biomaterial in various dental procedures.

2. Historical Perspective of Chitosan

Chitin was discovered by Braconnot in 1811 from fungi and was named as fongine.
Braconnot elaborated that it contained a high proportion of nitrogen, primarily acetate of
ammonia contaminated with oil. Acetic acid was formed from this fraction after treatment
with concentrated sulfuric acid. Odier, in 1823, isolated an analogous compound from the
elytra of insects after they were treated with hydroxide solutions at high temperatures. He
coined the name “chitine/chitin”, rooted in the Greek word chitos, referring to tunic or
envelope. Rouget discovered the compound in 1859 by utilizing a hot potassium hydroxide
solution. Later, Gilson identified the occurrence of glucosamine in it, and concurrently, a
similar term, “Chitosan”, was used by Hopper-Seyler [20-23]. Structural analysis of chitin
and chitosan was conducted in the 1930s by diverse techniques, including X-ray diffraction,
enzyme-related methods and infrared spectroscopy. In 1936, chitosan was first used in the
making industry, and two patents regarding the production of chitosan from chitin, films
and fiber fabrication from chitosan were obtained by Rigby [22].

3. Structure of Hydrogel Chitin

Hydrogel chitin and cellulose are polymeric compounds of monosaccharides made
up of-(14)-2-acetamido-2-deoxy—D-glucopyranose and -(14)-2-deoxy—D-glucopyranose
units, respectively, they are structurally similar. The N-acetyl glucosamine units that
makeup chitin are typically depicted as long-chain homo-polymer or poly (N-acetyl-D-
glucosamine). The three polymorphic forms of chitin discovered through X-ray diffraction
research are , 3, and 'y chitin. The varied properties and functions of chitin are determined
by its many molecular configurations. x-chitin, which has its N-acetyl glucosamine chains
organized in antiparallel directions, is the steadiest and strongest form of chitin. In contrast
to 3-chitin, which has its chains arranged in a parallel orientation, y-chitin has two of its
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chains with the same polarity and one of its chains with the opposite polarity [22-24]. Chitin
is insoluble in most of the organic solvents due to its rigid crystalline structure. However, it
can be dissolved in a calcium chloride dehydrate methanol (Ca solvent) solvent system.
The «- and 3-chitin hydrogels can easily be developed using the Ca solvent system. Using
these hydrogels, it is able to develop scaffolds and membranes for a variety of biomedical
applications, such as tissue engineering and wound dressing [25]. Hydrogels can be similar
to the extracellular environment of human tissue; hence, they are capable of being used
in biomedical applications. In addition to being biocompatible and nontoxic, it has an
excellent ability to exist in a multitude of physical forms, e.g., nanoparticles, nanofibrils,
microspheres, composite gels, fibers, films, etc. These unique biochemical properties are of
immense use for a wide variety of applications for human health [22,24].

4. Production of Hydrogel Chitin

Many different life forms, including insects, fungi, mushrooms, and some aquatic
creatures, have chitin as a constituent of their biomolecule. However, for commercial pro-
duction, the majority of raw biopolymer is extracted from sea crustaceans because marine
biowaste is a major resource for the mass synthesis of chitin and chitosan. It is available
in enormous quantities and at a low cost as a byproduct of the seafood processing indus-
try [9,12]. The mineralized shells contain 15-40% chitin along with two other biological
compounds, i.e., Calcium carbonate (20-50%) and proteins (20-40%). Because different
species affect the quality and freshness of the shell and the season when it is harvested,
the amount of chitin greatly varies. Additional sources of chitin include clams and oys-
ters [13-18]. The mushrooms serve as a better resource as these are cultivable and offer a
more controlled production and a safer product than the animal source, e.g., seafood [14].
The chitosan produced from the mushrooms exhibits a small molecular mass disparity
and degree of deacetylation in comparison to the product obtained from seafood. De-
proteinization, demineralization, and decolorization are the three key stages that make
up the extraction of chitin [20]. Acids are used to remove inorganic components in the
conventional chemical process, strong inorganic alkalis are used to extract proteins (often
at 50-60 °C), and oxidizers are used to remove color. These procedures often entail the
use of sodium hydroxide to break down proteins in order to extract lipids and pigments
(melanins, carotenoids) and hydrochloric acid to lyse the salts, especially calcium carbonate
and calcium phosphate, leaving behind a colorless substance. It is crucial to take into
account the acid content, contact time, and temperature to reduce hydrolytic and thermal
degradation, along with associated chemical changes [3,11,21,22,24].

Both homogeneous and heterogeneous deacetylation processes can be used to create
chitosan hydrogel, as shown in Figure 1. The heterogeneous approach, which involves
amorphous parts of the polymer reacting without affecting the crystalline region, is fre-
quently employed in businesses. In order to deacetylate chitin and create chitosan, the
acetamide groups are typically hydrolyzed using concentrated NaOH or KOH (40-50%) at
temperatures exceeding 100 °C. [18,19].

Properties of Chitosan

Chitosan presents a multitude of characteristics in terms of physical-chemical, biolog-
ical, and technological aspects. In fact, chitin is the sole naturally occurring biopolymer.
The compound exhibits a polycationic property at low pH (below 6.3); however, with
pH rising above 6.3, chitosan’s amine groups lose protons and acquire reactivity. With
acetylation well below 50%, it is soluble in all water-base media having low pH. There is a
great range of solvents for the compound, including dilute inorganic acids, concentrated
H,S0Oy, organic acids, and additional organic compounds, e.g., tetrahydrofuran, ethyl-
acetate, 1,2-dichlorethane etc. [27]. The most popular acids for chitosan solubilization are
acetic and formic. Because it depends on a number of factors, including acetylation, ionic
concentration, solution pH, and the protonation acid used, solubility is a fascinating but
difficult property to control [19,23]. Additionally, the location of acetyl groups throughout
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the macromolecular structure influences the ability of chitosan to dissolve, depending on
the circumstances surrounding its manufacture. Due to the fact that chitosan can dissolve
and then precipitate into a wide range of physical shapes, including beads, films, mem-
branes, fibers, or nanofibers, the protonation reaction is particularly significant for chitosan.
In addition, it can be cross-linked to create materials like fibers or sponges that can be used
in a variety of ways [28,29]. Chemical treatments to enhance cross-linking with epoxides or
glutaraldehyde result in more stable configurations of the molecule. Chitosan is compara-
tively more workable than its parent compound, chitin, for such chemical modifications,
but the resulting compounds from chitosan typically have relatively lesser stability due to
its greater hydrophilicity and sensitivity to pH [30].

Gelatin

—_—

Figure 1. An injectable hydrogel used in dentistry applications consisting of polylysine (e-PL)
andcarboxymethyl chitosan (CMCS) adapted from Ref. [26].

Chitosan is a nontoxic and biodegradable polymer that can attach to microbial and
mammalian cells. It helps in bone formation as it increases osteoblast formation along
with a rejuvenating reaction on the gum’s connective tissue [30]. It demonstrates good
biocompatibility with endothelial, epithelial, myocardial, chondrocytes, hepatocytes, fi-
broblasts, and keratinocytes [19,30,31]. It exhibits antitumor, anticholesteremic, hemostatic,
fungistatic, immunoadjuvant and antibacterial features [30-32]. The positively charged
reactive functional group of amino in chitosan helps prevent plaque formation [33]. Though
insoluble at alkaline and neutral pH, it forms water-soluble salts with organic and inorganic
acids. It becomes positively charged upon dissolution in acidic media. The change in
the pH, degree of deacetylation and ionic strength can change its properties (solubility,
pKa) [34].

Every deacetylated unit in chitosan has an amino group at the C-2 position, and every
repeat unit has primary and secondary hydroxyl groups at the C-6 and C-3 positions,
respectively. To enhance compatibility and its properties, these reactive groups can be
easily chemically derivatized under benign circumstances. Quaternized chitosan, for
example, has the potential to be a mucoadhesive and permeability-enhancing absorption
enhancer across the intestinal epithelium [35,36]. Cyclodextrin-linked chitosan sounds
promising from the perspective of pharmaceutics, which covers drug delivery, aesthetics,
and analytical chemistry [33]. The hydrogen bonds between the molecules of chitosan are
damaged by the presence of positively charged ions, which causes them to dissolve in
water. Chitosan’s solubility is primarily dependent on the molecular weight and the degree
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of deacetylation; with partial removal of the acetyl groups, solubility in water increases,
and biodegradability and biocompatibility increase. The antibacterial and anti-biofilm
actions of chitosan, as well as its solubility and viscosity, are significantly influenced by the
above-mentioned factors. [34-36]. One idea holds that it destroys cells by pushing Ca++ out
of the anionic sites in the membrane [37]. Some oral microbes, such as Prevotella intermedia,
Porphyronomonasgingivalis, and Actinobacillusactinomycetemcomitans, show strong antiplaque
activity in response to it. The bacterial cell wall may be destroyed by the positively charged
amino groups, NHy, interacting with the negatively charged, electrostatically charged
surface of the bacterial cells. The cellular contents may leak owing to alterations in the
cell membrane permeability. Chitosan has been found to have an antibacterial effect on
oral microorganisms. Numerous studies support the use of chitosan as an antibacterial
ingredient in dental materials, composites, and oral hygiene products [37,38].

Chitosan is subjected to chemical modifications in order to enhance its solubility,
rheological characteristics, thermal stability, and oxidation resistance. The active groups
in chitosan’s chemical structure are amino groups and hydroxyl groups at the C3 and C¢
locations. Because of the free rotation, the NHy-amino group is typically more reactive than
the C¢-OH main hydroxyl group, with the secondary C3-OH hydroxyl group being less
reactive than the primary hydroxyl group [36—40]. Chitosan can be chemically modified on
the amino, hydroxyl, or both amino and hydroxyl groups to create derivatives that are N-,
O-, or N, O-modified. On hydroxyl groups, etherification, esterification, crosslinking, graft
copolymerization, and O-acetylation are performed, whereas on amino groups, acetylation,
quaternization, Schif’s base reaction, and grafting are performed [34,35]. Chitosan-based
hydrogels are generally temperature reversible and pH-sensitive, which swell in acidic
pH and shrink in basic media. The abundant availability and its remarkable properties,
including antimicrobial activity, mucoadhesive properties, biodegradability, and biocom-
patibility, make it an appealing molecule for a variety of applications, such as drug delivery,
photodynamic therapy, and blood anticoagulation. Additionally, the positive charge of the
compound helps to stimulate cellular biological activity, interaction and differentiation,
applications in the field of tissue engineering, wound healing, and wound dressings [41,42].

Numerous free amino and hydroxyl groups found in the chitosan backbone could be
exploited as active sites, and various methods for building chitosan-based nanomaterials
have been documented. NPs, nanogels, micelles, liposomes, nanofibers, and nanospheres
are a few examples. The drug delivery method has been thoroughly researched for oral
and injectable administration, topical delivery, colon-targeted drug delivery, cancer ther-
apy, vaccination and gene transfer by utilizing the nanomaterials produced from this
compound [39-43]. The drug release from chitosan-based dosage forms depends on the
physicochemical characteristics of the encapsulated drug, such as whether it is hydrophilic
or hydrophobic, partitioning efficiency, size, dose, etc., polymer characteristics, such as
bioadhesion to mucin or skin, swelling and gel-forming ability in various body fluids with
various pH and ion concentrations, as well as the presence of co-polymers and excipients.
The following mechanisms are involved in the drug release from chitosan-based dosage
forms: diffusion, swelling, erosion, biodegradation etc. [41-44].

5. Applications in Dentistry

Owing to its properties like antimicrobial, bioactivity, and biocompatibility, it is con-
sidered a prospective biomaterial for dental applications [38—40], which are summarized
in Table 1.
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Table 1. Applications of Chitosan in diverse areas of dentistry.

Serial No. Dental Arena Chitosan Application References

Dentifrices, mucoadhesives,
1 Preventive dentistry = mouthwashes, antimicrobial [26-28,36]
agents, oral drug delivery

Indirect pulp capping, direct pulp
. capping, pulpotomy,
2 Conser.vatlve component of canal medicaments, [5,7,29,30,41]
dentistry .
sealants, enamel repair
and remineralization, bonding agents

Guided bone regeneration, hemostasis,
3 Surgery bone tissue [35,36,42-45]
engineering, scaffolds

Titanium coatings along with chitosan,
GC-based implants,

4 Implants bone regeneration around implants, [7,46-51]
peri-implantitis
5 Wound healing Immune-modulators, gauze dressings [2,4,36,43-45]

5.1. Preventive Dentistry
5.1.1. Dentifrices

For preventive measures, it could be used as a component of mouthwash, a compo-
nent of toothpaste against dental plaque, and a component of toothpaste against erosion
abrasion and mucoadhesive-cariostatic substance delivery systems [40]. The dentifrices
are the mainstay in daily plaque control and good oral hygiene on a daily basis. They
have a pivotal position in preventing the demineralization of the tooth by various caries
promoting foods and drinks. There have been many studies that documented the combina-
tion of chitosan with various other ingredients normally used in dentifrices, such as NaF,
SnCl, KNOj3, HA, and SnF, with increased effectiveness of the dentifrice in some of the
studies [41,42]. In their report on the commercially available, fluoride-free chitosan-based
dentifrice, tissue loss was significantly reduced, according to Ganss et al. Using NaF-
and Sn-based dentifrices has also been linked to similar results in terms of halting the
deterioration of the dentin matrix and enamel [43-45]. These results are explained by the
strong affinity of chitosan for binding to zeta potential-negative structures like enamel and
salivary pellicles, as well as the cationic character of chitosan in combination with a low
pH. Thus, over mineralized surfaces, a shielding multilayer organic matrix would form [5].
By adjusting environmental stimuli, including temperature, pH, magnetic field, and light,
it is possible to regulate the drug loading and release rate of hydrogels. Hydrogels that
respond to stimuli can be intelligent drug delivery systems for the controlled, sustained,
and targeted release of drugs. Several strategies, including controlled swelling, chemically
controlled release, and environmental release, are used to regulate the hydrogel drug
release behavior. These days, smart hydrogels are also being developed as drug delivery
systems, including pH, temperature, and magnet-responsive hydrogels [12,19,26,43] The
dual-pronged anti-erosive and anti-abrasive properties of chitosan improved the efficacy
of Sn2+-based dentifrices to stop tissue loss in acidic oral environments. [41]. Fluoride-
containing chitosan nanoparticles were studied by Ebrahimi et al. for their effectiveness in
living things. Through tripolyphosphate nanoparticle ionic gelation, sodium fluoride was
added to chitosan. Zeta potential, particle size, loading capacity, encapsulation effective-
ness, and Fourier Transforms Infrared Spectroscopy were used to characterize nanoparticles.
Fluoride and chitosan were cross-linked with tripolyphosphate to create chitosan/fluoride
nanoparticles. According to some, the fluoride/chitosan nanoparticles created in the study
may be a potential way to distribute fluoride for the prophylactic use for dental caries [46].
Plaque builds up as a result of oral germs adhering to tooth surfaces. It is thought that
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electrostatic and hydrophobic interactions are what cause the germs and tooth surfaces
to stick together. Because the positively charged amine group in chitosan derivatives
competes with it, these interactions are prevented. The anionic sites and carboxylic acid
residues present in bacterial cell walls may interact electrostatically with the amine groups
in chitosan to provide antibacterial activity [33].

The most recently used gelling agents, such as sodium alginate mucilage, Irish moss,
and tragacanth, were only used in toothpaste to the extent that they could gel and due to
their carbohydrate composition, they also required antimicrobial preservatives. Chitosan,
on the other hand, possesses antibacterial qualities and works well as a gelling agent
without the need for preservatives [33,38].

5.1.2. Remineralization Potential

Hydrogel chitosan is a bioactive substance in and of itself that aids in the reminer-
alization of dental hard tissues. Its functional groups may encourage apatite nucleation,
which may precipitate the mineralized tissue. As a biomimetic system, it functions. The
long-term continuous release of bioactive compounds is made possible by the polycationic
mucoadhesive polymer known as chitosan. It degrades biologically and produces non-toxic
metabolites. A large amine group at the C-2 position also allows structural changes in
the individual monomeric units of the molecule. The compound has evolved hugely as a
remineralization agent for the dental tissues viz enamel and dentin. The therapy of white
spot lesions with chitosan may be performed after the application of bioactive glasses alone
or when they are used in combination with a polyacrylic acid slurry. It was discovered that
the subsoil contains more minerals and that chitosan increased the ability for remineral-
ization. [43]. Resende et al. formulated toothpaste with biosurfactants, and either sodium
fluoride or fungal chitosan was tested for cytotoxicity, antibacterial activity, and inhibitory
potential against Streptococcus mutans biofilm. When compared to the tested commercial
toothpaste, their compositions had equivalent effects on S. mutans’ cellular viability in the
biofilm. The current findings demonstrated that, in comparison to commercial toothpaste,
the suggested formulations are promising [47,48]. Several restorative formulations utilizing
chitosan have been investigated and are currently being evaluated in order to successfully
transport organic amelogenin to the region of enamel defects. Recently, amelogenin was
dispersed using a chitosan hydrogel to reestablish the aligned crystal structure. Chitosan
has the dual advantage of avoiding secondary caries and not interfering with the alignment
of the enamel crystals, thanks to its antibacterial properties. Further well-controlled and
long-term clinical research in the fields of tissue engineering, biomolecules, and materials
science is necessary for better understanding and application of chitosan [42].

Phosphorylated chitosan nanocomplexes and ACP (amorphous calcium phosphate),
commonly known as Pchi-ACP, were used to remineralize the demineralized enamel.
Another amelogenin-chitosan (CS-AMEL) hydrogel biomimetic system demonstrated that
the direction of crystal growth and mineral imbibition were significantly affected by the
viscosity of chitosan, which was increased from 1 to 2%. This resulted in the production
of huge irregular mineralized accreations resembling enamel crystals [42]. On the other
hand, mineralization of dentin is a differential process as compared to enamel; many
investigations have been carried out in this regard as well. Carboxymethyl chitosan
(CMC) in another research study was revealed to have similar effects and strengthened the
structure of dentin [43].

Anti-Inflammatory: Since inflammation is the primary immune response of the body
against microbial infections, most oral diseases, including periodontal disease, are usually
countered by the inflammatory response of the host. Chitosan and its derivatives have
a significant bearing on the process of inflammation. N-acetyl glucosamine is known
to stimulate the inflammatory cells, for example, neutrophils, macrophages and even
the tissue-resident fibroblasts, in a lot of laboratory investigations. Chitosan particles
have inhibited the growth of periodontal pathogens, viz. porphyromonasgingivalis and
aggregatibacteractinomycetemcomitans. The compound further exerts its anti-inflammatory
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activity by impacting the prostaglandin E2 levels through the JNK pathway. Another
investigation revealed many bioinflammatory compounds, such as fibronectin, interleukin-
6 and IL-1 beta genes, were also the targets to be influenced by chitosan particles [44,45,49].
Recent work has evaluated the use of a chitosan brush in the nonsurgical treatment of
residual periodontal pockets and revealed an equal or better patient outcome in terms of
clinical results [45,48,50].

5.2. Restorative Dentistry
5.2.1. Hemostasis and Pulpotomy

Bleeding is one of the most common consequences and complications encountered
in surgical treatment methods, and effective management of uncontrolled bleeding is
a key challenge in healthcare. Hydrogel chitosan tends to interact with blood plasma
and erythrocytes to promote hemostasis in fresh, sharply debrided wounds. A large
number of chitosan-based hemostatic application technologies have come into being and are
continually researched for technical advancements [5,44,46]. Many delivery formulations,
like gels, fiber, dressings etc., are commercially available for such applications. One such
product, Celox (SAM Medical Products, Newport, OR, USA), is a simple and reliable
method for bleeding control. The underlying mechanism is the reaction of the positively
charged chitosan particles with the negatively charged human blood cells when the polymer
comes in direct contact with blood. Another product in the form of granules has also been
utilized to form a cross-linked clot very independent of the natural cofactors, in fact, in
combination.

It has also been utilized with sterile saline in the case of pulpotomy of deciduous teeth
to obtain hemostasis and enhance the development of the reparative dentin and hard tissue.
Thus, it seems to be a good potential material to be used in pulpotomy [6,51,52].

5.2.2. Improvised GIC with Chitosan

Chitosan is a useful addition to traditional glass ionomer cement (GIC), as it causes
a significant rise in the release of a variety of cell signaling peptides and growth factors,
particularly useful for vital pulp therapy [7]. In an earlier investigation, the impact of
chitosan nanoparticles added to GIC (NCH-GIC) content was compared to that of tra-
ditional GIC (TGIC) on its mechanical properties and fluoride release. Chitosan fillers
in the nanometer range were used. Because chitosan was added, NCH-GIC had much
greater bending resistance than TGIC. There was also a concomitant increase in fluoride
release throughout seven days in the case of NCH-GIC than in TGIC. Thus, the authors
of the investigation reported that the addition of nano chitosan improves the tested prop-
erties of the GIC in terms of its anticarcinogenic potential, mechanical properties, and
high-resistance applications [34]. Another study exploring the safety and toxicity profile
revealed that chitosan-modified GIC demonstrated it to be nontoxic on pulp cells when
compared with TGIC. Thus, chitosan-modified GIC may be opted as a material of choice
for bioactive dental restorations for various varieties of pulpal and regenerative endodontic
conditions [7].

Calcium hydroxide is a widely used medicament and material in restorative dentistry,
whose properties could be enhanced with the addition of Chitosan nanoparticles (CNP).
When this material was explored to eliminate bacterial biofilms, it could prove much
better in the elimination of microbes, both in long and short-term exposures and aided in
improving the antibacterial properties of calcium hydroxide [35].

5.2.3. Adhesion and Dentin Bonding

There is published evidence in the context of chitosan used in the “etch and rinse’
adhesive system, which adds to the longevity of dental restorations. Hydrolysis of exposed
collagen can lead to degradation of the dentin-resin contact and a decrease in bond strength.
When dentin is treated with chitosan and an etch-and-rinse or self-etch adhesive system is
used, the bond strength is improved while the longevity of the contact is preserved [46].

7
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The use of chitosan antioxidant gel on dentin decreases permeability and related dentin
hypersensitivity, as well as has the potential to strengthen the binding between composite
resins and the dentin structure. In reality, antioxidant hydrogen has been compared to
the standard phosphoric acid etching process, and it has been found that this method of
application greatly enhances the link between the restoration and tooth structure [46,50,53].

Researchers are interested in the dentine-restoration interface and bond strength
endurance. The dentine replacement materials now available suffer from drawbacks
such as acid etching procedure discomfort and smear layer removal difficulty. When the
smear layer is not completely removed, the resin monomer frequently does not penetrate
well, creating an unstable hybrid layer that is vulnerable to nano leakage. Antioxidant
chitosan hydrogels containing propolis, 3-carotene, and nystatin were studied and found
to provide solid dentine bonding systems with a corresponding improvement in shear
bond strength [42].

Generally, all recorded parameters of mechanical properties were observed in higher
values for chitosan-based adhesive systems when compared to the conventional contempo-
rary systems used in adhesive dentistry [7]. A research study demonstrated the reduction
in the destruction of collagen and deterred the water permeability of the surface layers, thus
making the restoration dentin interface more resistant to the ingress of microbial contami-
nation [41]. However, there are contrasting observations also, as in another experimental
setup, chitosan-based adhesion did not affect the microbial contamination, particularly
against S. mutans and L. casei and performed poorer as a barrier with respect to the tra-
ditional 2-stage adhesive system. Further, there is some previous evidence documenting
the impact of chitosan on the bonding strength of the restorative materials with dentin.
There was no difference observed in the shear bonding strength of the restorative surface
based on the concentration variation of chitosan in the material between 0.12% and 0.25%.
However, it was observed with the addition of a higher concentration, i.e., 0.5% and 1%
chitosan, there was a significant decrease in the bonding [45,47].

5.2.4. Regenerative Dentistry

Bone repair, Guided tissue regeneration and tissue scaffold functional reconstruction
of lost and damaged body parts, especially bony tissue, have led to the search for novel bio-
materials for bone healing. Many biological and chemically produced materials have been
extensively researched for guided regeneration of bone and also to act as scaffolds for tissue
engineering [43]. Usually, these scaffolds have to have chemical and biological properties
and characteristics conducive for cellular and tissue growth to be utilized successfully in
this area. Chitosan, having a very safe, noncytotoxic, biocompatible, biodegradable and
bioactive profile, appears to be an appealing alternative for regenerative medicine. It aids
in the attachment, growth and differentiation of bone cells that are osteoblasts and also
helps in the laying down of mineralized bone matrix. Further, it can be complemented
with a variety of other materials, such as ceramics and polymers already being used in
bone regeneration and yield better mechanical and biological properties in combinations.
The polymer can be morphed in diverse forms such as sponge bead membranes and
nowadays is also being utilized in the nano polymeric forms for optimizing its properties
and better workability. Chitosan itself has antimicrobial properties, which tend to further
enhance the benefits and predictability of bone regeneration during early wound healing
periods of bone defects implanted with bone regenerative materials [4,46,53]. Chitosan’s
biodegradability and biocompatibility allow it to be used as a biomaterial in hard tissue
repair procedures. It operates on the idea of creating temporary scaffolding in artificial
bone while waiting for the implant to resorb and be replaced by natural bone [54]. The
mechanical properties of chitosan, which include H-bonds, chains, and crosslinkings, as
well as NH2+ with negative tissues in the body, are significantly influenced by its chemical
arrangements. This results in good stability and a framework for the formation of new
osseous cell growth in cases of wound healing, repair and regeneration. Numerous studies
have been conducted, and the results show that chitosan’s characteristics have a significant
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influence on bone repair and regeneration. According to certain research, chitosan in the
form of a sponge activates bone cells and potentiates bone formation [41]. As a scaffold, it
helps to keep the clot stable, serves as a surface for bone cell seeding and permeation, and
finally resorbs at the location to make room for newly forming bony tissue. When creating
a scaffold, certain treatments can be used to modify the chemical properties of the polymer,
such as hydrogen bonds and crosslinks in the tissue lattice, to better suit the needs of a
particular bone healing scenario [40]. According to a paper by Klokkevold, there has been a
larger increase in osteosynthesis and documented increased osteoblastic activity. Chitosan
is pliable and helps osteoblastic cells to grow [47].

6. Wound Healing

It is crucial to the immune system’s effective operation before and after surgery. Im-
munomodulators control the body’s ability to fight against certain illnesses. Chitosan
contains immunomodulatory properties that cause macrophages to produce proinflamma-
tory cytokines, which in turn hasten the formation of fibroblasts and have an impact on
the structure of collagen [54,55]. Chitosan increases the manufacture of hyaluronic acid
and extracellular components related to scar formation by releasing acetylglucosaminidase
N as a byproduct of hydrolytic and enzymatic breakdown. Following chitosan applica-
tion, wounds showed increased levels of collagen and osteopontin, as well as a significant
infiltration of inflammatory cells. The degree of chitin and chitosan deacetylation (DD)
determines the cicatrizing capacity. Because chitosan has a greater DD than chitin, it ap-
pears to be a more potent activator for fibroblasts and poses greater resistance to bursting
wounds [41,56].

Chitin, a significant component of the outer shells of crustaceans, is the source of
the natural biopolymer chitosan. This substance is well-known in the field of wound
treatment for its hemostatic qualities. Additionally, it has additional biological functions
and influences macrophage activity, which promotes faster wound healing. Additionally,
it has the ability to promote tissue organization and cell proliferation. For the treatment
of wounds, biological qualities, such as bacteriostatic and fungistatic capabilities, are
especially helpful. There are numerous references on chitosan’s use in treating wounds, just
like alginate material. In comparison to traditional gauze treatment, novel chitosan-alginate
polyelectrolyte complex (PEC) membranes in animal model studies described much better
performance of the material in terms of healing of the incisions. In comparison to wounds
treated with Opsitel, PEC membrane-treated wounds had a similar closure rate and
look. In comparison to the untreated controls, the photo-cross-linkable chitosan hydrogel
application over full-thickness skin wounds created on the backs of mice dramatically
caused wound contraction and expedited wound closure and healing [48,57,58]. Chitosan
was used to study healing at split skin graft donor sites by covering half of the area with the
substance and the other half with a regular dressing. It showed how chitosan accelerated
wound re-epithelialization and nerve regeneration in a vascular dermis. At the sites where
chitosan was applied, quicker recoveries to normal skin tone were seen. Chitin and chitosan
therapy showed a significant reduction in treatment time with minimal scar development
in several animals [2,59-61].

It has been discovered that the metabolites of chitosan breakdown are neither poi-
sonous nor allergic. Additionally, it has been shown that chitosan monomers can stimulate
the healing of tooth pulpal insults and act as a matrix support for the healing of dental
pulp cells. Collagen is frequently added to chitosan in order to enhance its biological
characteristics [4].

Implant Dentistry

In recent years, there has been a lot of emphasis on the improvisation of the surface of
dental implants to enhance the possibility of osseointegration and their longevity in the
oral cavity. Being a very amenable, biodegradable, safe polymer, chitosan has also been
explored on these lines. Various investigations have reported that the coating of chitosan
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leads to changes in the surface interactions with the bone bed and the surface characteristics
of the implant surface. The coating tends to affect the elastic module at the surface, thus
disseminating the stress onto the bone-implant surface more conductively. These coatings
are also utilized as portals for the local application of a variety of antimicrobial agents to
control infection around the implant osteotomy. A chitosan coating of dental implants has
shown promise in several investigations [51,52]. In 2020, Park et al. created a hybrid dental
implant using graphene and chitosan (GC hybrid implant) [57]. Under ideal circumstances,
the GC hybrid implant (i.e., 1% GC hybrid implant) might considerably boost bone cell
proliferation while lowering bacterial activity and the production of biofilms. They offer
a logical concept for producing dental implants made of hybrid graphene, utilizing a
simple spin-coating method. The created hybrid dental implant was shaped into graphene-
containing structures that offered sufficient surface qualities for osseointegration promotion,
such as improved wettability and roughness. We also show that the hybrid implant’s altered
surface qualities can regulate the actions of bacterial and mammalian cells, presenting a
fresh concept for a dental implant [62-67]. Further, some of the recent systematic reviews
of chitosan use in dentistry are compiled in Table 2 [54-56].

Table 2. Summary of available systematic reviews in the literature related to the use of chitosan
in dentistry.

S. No

Authors Name

Type of Studies No. of Studies e
Included Included Important Findings

Chitosan serves a variety of purposes, and
it is employed in several dental specialties
in a secure and efficient manner. Chitosan
has a number of functions, including its
ability to remineralize tooth tissue and, as a
result, play the role of a desensitizer in
toothpaste. Our comprehensive review

Cicciu, M., Fiorillo, L., & Randomized controlled 12 found that using chitosan improved the
Cervino, G. 2019 [65] trials surgical healing of oral ulcers sustained

during tooth extraction. Additionally, when
utilized in dental cement, some studies
indicate a decrease in bacterial biofilm.
Additionally, it has systemic qualities that
make it useful for medication delivery,
including antibacterial, antifungal,
hemostatic, and other properties.

There have been more tests of novel
chitosan dressings. However, there haven’t
been many studies on how chitosan affects

Liu, Ying M.S.; Chen, wound healing. According to recent

P&%I;;Mﬁ’SRNI\{’RLf\’T’ Randomized controlled 5

research, chitosan does not impede the
healing of wounds. The limited number of

Ning, Ning M.S., R.N. trials trials, however, made it difficult to interpret

2021 [1]

the data properly. To validate any clinically
significant effect of chitosan on wound
healing, further study must be
carefully planned.

Pandiyan, I.,

Rathinavelu, P,
Arumugham, M.I, et al. trials

2021 [68]

The most efficient chemical method of
preventing plaque is mouthwash, which is
used everywhere. Possible adverse effects
include darkening of the teeth and tongue,

Randomized controlled 3 a brief alteration in taste perception, a rise
in calculus deposits, a burning sensation,
and genotoxicity of buccal epithelial cells.

In this review, the effectiveness of chitosan
mouthwash in preventing plaque buildup

and gingival irritation.




Gels 2023, 9, 698

12 0f 15

Table 2. Cont.

S.No Authors Name Ty}}iglfu%t:&iles Nol.r:::flit;;gles Important Findings
Ti dental implants with CS coating may be
more capable of osseointegrating. The
In vi L . biofunctionalization of dental implants is
n vivo studies;Studies babl ine to b ial
where at least one layer probably omg to become a commercia
of CS was used to coat option in the future. However, to support
the Ti;Studies where the use of CS as a coating for Ti implants for
bone growth or the osteoinduction purposes and subsequently
formation of a biological to provide surfaces that ensure rapid
seal around the Ti osseointegration, confirmation of this
Lépez-Valverde, N., implant surface coated pos.sijbility would require well-designed
4 Lopez-Valverde, A., with CS along or in 7 clinical rgsearch using broad samples,
Ramirez, .M. 2021 [69] combination with other standardised protocols, and long-term
¢ products or molecules monitoring.Ti dental implants with CS
was assessed; coating may be more capable of
Studies on endosseous osseointegrating. The biofunctionalization
) 1mplar}ts; of dental implants is probably going to
Studies that included become a commercial option in the future.
nonig;?éiolflgfoiﬁlsmals To justify the use of CS as a coating,
diabgcics. ) ’ however, proof of this possibility would
require well-designed clinical study
involving large samples, standardised
techniques, and long-term monitoring.
In general, Ch-based formulations reduce
the number of cells that have
anti-inflammatory effects while increasing
the recruitment and proliferation of cells
in vitro, in vivo and linked to pro-inflammatory properties.
clinical studies These outcomes were associated with a
Lima, B.V.,, Oliveira, which used Ch-based smaller tumour, fewer metastases, reversal
5 M.J., Barbosa, M.A., formulations and 57 of the immunosuppressive TME, and

Gongalves, RM., &
Castro, F. 2021 [70]

evaluated their ability
to induce immune cell
stimulation in the
cancer context.

improved in vivo survival. Ch-based
formulations, in general, present the
possibilities for cancer immunotherapy.
Clinical translation is still difficult, though,
as most studies combine Ch with other
ingredients, suggesting that part of the
observed effects may be the consequence of
the interaction of the separate effects.

7. Conclusions

The findings of this study indicate that chitosan is a safe substance to use; nonetheless,
anumber of difficulties required additional investigation. Various alterations to the chitosan
structure have been made in the future to broaden the spectrum of uses and add new
aspects to the development of chitosan-based biomaterials. Chitosan is frequently used in
dentistry, notably in restorative dentistry, implants, endodontics, and various methods of
periodontitis therapy, including bone tissue engineering and medication administration.
As we’ve shown in this review, employing this substance in conjunction with synthetic
dental materials might boost its bacteriostatic or mycostatic properties. However, the main
challenge is bringing in the aforementioned biomaterials. According to current studies,
higher usage of chitosan in these regions will be favorable in terms of therapeutic success.
Nonetheless, more research on the beneficial usage of chitosan is required.
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