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A B S T R A C T

Hydrogels have a number of characteristics that make them an ideal candidate for biomedical applications.
Chitosan is a well-known natural polymer, and it is favoured due to its good biocompatibility, low toxicity, and
biodegradability characteristics. Though chitosan is an ideal drug-delivery polymer, however due to its poor
solubility and to increase the mechanical strength, stimuli-responsive injectable hydrogels are prepared. Different
cross-linking mechanisms are followed for the preparation of injectable hydrogels. Among them, the most com-
mon ones are physical and chemical cross-linking methods. Chitosan based injectable hydrogels can be used for
the delivery of genes, proteins, antigens and drugs, and have been effectively applied in experimental therapy of
several diseases including Parkinson's Disease, cancer and in different forms of degeneration.
1. Introduction

Hydrogels are three-dimensional networks based on cross-linked
polymers, small molecules and colloids, where a number of hydrophilic
groups or domains are present such as –OH, –CONH–, –CONH2–, and
–SO3H [1–4]. Occurrence of these groups and domains are responsible of
imbibing high amounts of water and biological fluids and help retain a
significant fraction of water within its structure. Such structures however
do not dissolve or aggregate in aqueous environment due to the forma-
tion of chemical or physical bonds between the polymer chains [1,4–6].
Hydrogels also have numerous characteristics that make them an excel-
lent candidate for biomedical applications including drug delivery,
wound healing, tissue regeneration, and cell therapy. While the
cross-linked structure of hydrogels can swell up to thousand times of its
dry volume, fully swollen hydrogels in water and physiological fluids
show good biocompatibility, low toxicity and good biodegradability. The
polymers used in hydrogel preparations also have bio-adhesive and
mucoadhesive characteristics that can enhance tissue permeability and
drug residence time [1,7–9].

The water-absorbable swollen hydrogels offer a biomimetic envi-
ronment and show some common physical characteristics such as low
interfacial tension with biological fluids. The soft and elastic
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characteristics minimize irritations after implantation, while the low
interfacial tension minimizes cell adhesion and protein adsorption. These
features are particularly attractive for encapsulation of bio-
pharmaceuticals, where there is a rapid increase in the number of drugs
approvals [10]. Also, due to their biomimetic properties, hydrogels serve
two purposes: they act as supporting material for tissue regeneration and
help to deliver drug payload by adsorption or encapsulation method.
Hydrogels can either be synthesized by one step or multiple step pro-
cedure. The hydrogels vary in size from nanometres to centimetres in its
width and can readily fit into any shape to which they are confined [1,2].

Controlled release or on-demand release is one major issue that the
hydrogel-based drug delivery must focus on. “Smart” hydrogels are those
that can respond to small changes in environmental stimuli including
temperature, pH, enzymes, light, ultrasound and magnetic fields. A small
change in external environment causes swelling and de-swelling of the
stimuli-responsive hydrogel, leading to the release of the entrapped
drugs at pre-determined rate [11]. They can further be classified ac-
cording to their physical behaviours, ionic charges or method of prepa-
ration [6]. The porous structure can load all kinds of drugs, and by
adjusting the internal and outer environment, the smart hydrogels can be
used to control drug delivery [12].

In comparison to other gels, three-dimensional (3D) cross-linked
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injectable hydrogels are receiving more attention as scaffolds for deliv-
ering biomolecules. The term “injectable” means that the sol or the pre-
gel can be transported to the targeting site by an injection device.
Therefore, it can be formed in vivo and hence different from in-situ
forming gels. An injectable hydrogel for biomedical applications follows
a number of criteria: (a) formation or degradation of the gel, (b) complete
absence of toxic reagents, (c) would not produce toxic product, and (d) it
must exhibit necessary mechanical properties after injection [2,13].
Injectable hydrogels can be prepared by both physical as well as chemical
cross-linking of polymers. While physically cross-linked hydrogels are
considered more safer than chemically cross-linked hydrogels, mechan-
ical properties of chemically cross-linked hydrogels are better compared
to the physically cross-linked hydrogels. Dynamic covalent bonding is
also another cross-linking method to get safe and high-performance
injectable hydrogels. Injection procedure can nevertheless influence
the structure and properties of hydrogels [2].

Chitosan is a natural polymer and was discovered by C. Roget in
1859. It is derived by alkaline deacetylation of chitin which is the second
most abundant polysaccharide after cellulose and mostly found in crus-
tacean shells. Chitosan has a similar structure and bioactivity as that of
glycosaminoglycan, and contains β-(1–4) linked D-glucosamine and N-
acetyl-D-glucosamine units arranged randomly [4,13–15]. Over time,
several unique features of chitosan including biocompatibility, low
immunogenicity and intrinsic bacteriostatic activity have been reported
in the literatures. This features have led to several applications of chi-
tosan in biomedical field as bio-substitutes, wound dressings,
anti-bacterials and drug carriers [16–19]. Due to its advantageous op-
tions, considerable advancements have been achieved in the field of
chitosan based injectable hydrogels. This review summarizes the use of
chitosan as injectable hydrogels, especially in new generation drug de-
livery systems.

2. Chitosan as a biomaterial

Among the various naturally occurring biopolymers, chitosan is
considered as the most suitable scaffolding material because of its
biocompatibility, biodegradability and low toxicity. It is reported that
chitosan biodegradation causes innocuous amino sugars that are
completely absorbed by the body [20]. The molecular structure of chi-
tosan promises high chemical and thermal stability [21]. Chitosan can be
fabricated into different scaffolds for drug delivery by simply modifying
its structural and functional moieties. Consequently, chitosan has a broad
range of application prospects in translational medicine [22]. Chitosan
hydrogel is suitable for delivery of proteins, peptides, antigens, genes and
oligonucleotides and can be designed into newer drug delivery systems
that release their payloads in response to different environmental stimuli
Fig. 1. Conversion of c
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[6,23–25].
Due to the presence of nitrogen group in its molecular structure

(Fig. 1), chitosan has a cationic nature and exhibits a tendency to form
polyelectrolyte complexes. Chitosan further displays functional proper-
ties such as mucoadhesion, transfection and in situ gelation, which are
attributed to the primary amino acids attached to the polymer chains [26,
27]. Cationic nature of the chitosan aids in the formation of carboxylate
salts such as lactate, acetate, citrate, etc. that make the scaffolds
water-soluble [28,29].

Chitosan can also further be divided according to its molecular
weight, degree of deacetylation and degree of crystallinity [30,31]. Poor
solubility of chitosan is the main limitation of this polymer; though it can
be overcome with simple chemical modifications such as alkylation,
carboxy-methylation, or acylation [6,12,32]. A newer improved method
for synthesis of highly soluble of chitosan (half N-acetyled chitosan) was
designed using a series of chitosan of low molecular weights [33]. Sol-
ubilization of chitosan occurs through protonation of the amino group
(-NH2) of the D-glucosamine units, wherein the polysaccharide is trans-
formed into a polyelectrolyte in an acidic media. As the degree of pro-
tonation increases, so does the solubility of chitosan. It is also well-known
that both the molecular weight and degree of deacetylation have a
decisive effect on the solubility features [34].

The processing of chitosan based scaffolds can be facilitated either by
physical stimulus or through chemical reactions [35]. Under acidic
conditions the primary aliphatic amines get protonated. The free amino
groups of chitosan interact with hydrogen ions at lower pH and increase
the mechanical properties through interactions with other polymers [12,
36]. Chitosan and its derivatives can be processed into different forms
like hydrogels, sponges, nanoparticles and so on [12,37].

3. Synthesis-property relationship of injectable hydrogel systems

Numerous types of mechanisms have been applied for the develop-
ment of chitosan-based injectable hydrogels. Among these, physical
cross-linking and chemical cross-linking are the two major and widely
followed approaches. Physically cross-linked injectable hydrogels
involve synthetic and natural polymers that are stimuli responsiveness as
well as temperature, pH or light responsiveness. Conversely, chemically
cross-linked injectable hydrogels involve reactions for cross-linking like
Schiff based or Michael addition as well as newly developed click
chemistry or photo cross-linked injectable hydrogels. Ionic cross-linked
or supramolecular interactions are also used separately or in addition
to other polymers [13,38]. With the progresses in material sciences,
polymer chemistry and supramolecular chemistry, the designs of
hydrogel networks have advanced from static and covalent networks to
smart, stimuli-responsive, biodegradable and dynamic networks. These
hitin into chitosan.
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structures have the ability to mimic extracellular matrices which further
enable cellular remodeling, adhesion, strain-stiffening and viscoelasticity
through the inclusion of reversible bonds, cleavable linkages,
supra-molecular assemblies, or flexible biopolymer backbones [39]. The
amino acid groups of chitosan have been extensively studied for
designing of both physically and chemically cross-linked hydrogels.
However, it should be noted that preparation of hydrogels without any
cross-linkers is always preferred due to their low cost and high safety
with respect to drug delivery applications (see Table 1) [34,40].
3.1. Physically cross-linked injectable hydrogels

Physical cross-linking involves weak and temporary interactions such
as molecular entanglements, hydrogen bonds, ionic and hydrophobic
forces which can be reversed through environmental changes like tem-
perature pH, and ionic strength. Physically cross-linked injectable
hydrogels are produced by various methods including freeze-thaw cycles,
stereo-complex formations, ionic interactions, and hydrogen bonding.

Polymers having hydrophobic domains can be cross-linked in
aqueous medium through reverse thermal gelation, otherwise known as
‘sol-gel’ chemistry. The hydrophobic group is joined to the hydrophilic
polymer through post-polymerization grafting to create a polymer-
amphiphile. These amphiphiles, though soluble at low temperatures,
aggregate at higher temperature to minimize the hydrophobic surface
area and contact the bulk water to form the hydrogel. One injectable
hydrogel comprising of chitosan-β-glycerophosphate was designed
through this approach. This system can deliver macromolecules over
prolonged period of time [41].

Polyelectrolyte complexation is another method that does not require
any chemical cross-linkers. Polyelectrolyte complexes are formed due to
electrostatic interactions between two oppositely charged poly-
electrolytes in aqueous solution. The interactions existing between
cationic amino groups of chitosan and anionic moieties of other elec-
trolytes (such as pectin, alginates, keratin, etc.) are the keys to the for-
mation of the hydrogel. These systems are however difficult to fabricate
in large volumes. Amirian et al. described the fabrication of an injectable
hydrogel based on oxidised chitosan and amidated pectin. Though the
biopolymers were modified, the hydrogel was completely biocompatible
and demonstrated potential for wound dressing applications [42].
Sometimes, nanofillers can also be incorporated to enhance the me-
chanical strength and functionalities of the hydrogels. It was reported by
Ghorbani et al. that inclusion of cellulose nanocrystals in chitosan/pectin
hydrogel matrix could reinforce the system by several folds [43].

While chitosan alone may not provide the necessary mechanical
strength, researchers have retorted to combine polyvinyl alcohol (PVA)
into the blend. This strategy has given way to the application of freeze-
Table 1
Advantages and disadvantages of differently cross-linked systems.

Type of hydrogel Example of cross-linkers Advanta

Chitosan-polyelectrolyte
complex

Alginate, pectin, keratin, dextran sulphate No exog
required
Low tox
High pH
Protects
environ

Chemically cross-linked
hydrogels

Glutaraldehyde, genipin, EDC/NHS, Mild rea
High co
High in

Ionic hydrogels Sodium hydroxide, potassium hydroxide, tripoly
phosphate

Prepara
Product
Appeali
applicat

Photocross-linked hydrogels Good th
High wa
Low tox
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thaw process which produce biocompatible hydrogels without the need
of any chemical cross-linker. Chitosan/PVA hydrogels have been exten-
sively studied for encapsulation of various bioactives and nanomaterials
[44,45]. Formation of these systems are often optimized through mod-
ulation of parameters such as thawing temperature, time and the number
of freeze-thaw cycles. Hence, the complete control over the mechanical
as well as functional aspects of the hydrogel can be realized. Sometimes,
chitosan/PVA hydrogels were synthesized using a combination of irra-
diation and freeze-thaw techniques. In comparison to the hydrogels
prepared by irradiation alone, they possessed high swelling capacity and
better thermo-mechanical stability. Presence of chitosan also ensured pH
sensitiveness and antibacterial effects [34].
3.2. Chemically cross-linked injectable hydrogels

Hydrogels can also be chemically formed through covalent cross-
linking of macromers which make the bonds irreversible. These hydro-
gels are more stable in physiological environment and their mechanical
properties may be tuned simply by changing the ratios of reactants
during synthesis [46]. Synthesis of injectable chitosan hydrogels can be
based on a number of chemical reactions such as photon or thermal
polymerization, or polymer-polymer cross-linking reactions to form a 3D
network [47]. To incorporate wide variety of biocompatible hydrophilic
materials like polyethylene glycol into an injectable hydrogel, the ma-
terial should be of low viscosity and should immediately convert into gel
after injection to avoid loss of precious cargo [13].

The cross-linking reaction involves free amino groups and aldehyde,
where acrylates or thiols are used as cross-linker [48]. Cross-linkers such
as glutaraldehyde are cytotoxic even at low doses and may release from
the hydrogels upon storage [34]. Efficient cross-linking is important to
minimize the toxicity. Glycosaminoglycans like hyaluronic acid and
chondroitin sulphate also help to cross-link with chitosan in situ [49].

The hyaluronic acid is one native tissue-mimetic polymer that can be
cross-linked with chitosan via Schiff base reaction. The formation of
imine linkage between chitosan and oxidised chondroitin sulphate helps
in self-healing without involving any external stimulus. Additionally,
ratio of chitosan and hyaluronic acid has strong effect on mechanical
properties as well as on gelation time and pore size [50]. Though
different forms of chitosan such as glycol chitosan and carboxyethyl
chitosan have also been experimented, they require a small molecule
cross-linkers like adipic acid di-hydrazide to form self-healing gels [51,
52]. These kinds of hydrogels can be injected by shear stress/strain forces
and rapidly recover to the original gel structure.

Click chemistry is another class of reaction which allows formation of
hydrogels at a high speed and high selectivity. It is mainly based on four
kind of reactions that includes cycloaddition, nucleophilic ring opening,
ges Disadvantages

enous cross-linkers
,
icity,
sensitivity,
cargo from gastric
ment.

Less control over mechanical properties,
Time consuming and requires extensive optimization.

ction conditions,
nversion efficiency,
itiation rate.

Complete removal of cross-linkers is not guaranteed
through washing,
Some of the cross-linkers are neurotoxic,
Not recommended for biomedical use.

tion is easy,
has low toxicity,
ng for pharmaceutical
ions.

Less control over mechanical properties.

ermal stability,
ter solubility,
icity.

Co-initiator is required.
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non-alkyl carbonyl and carbon-carbon addition reactions. These re-
actions need initiators or catalysts which drive the reactions irreversibly
towards one single product [13,53]. Chitosan is initially modified at the
amino ends with different initiators, namely mercaptoacetic acid, furan,
or maleimide and subsequently cross-linked to form a well-defined
biopolymer network [54,55]. Diels-Alder reaction has been used for
the preparation of one such cross-linked chitosan hydrogel to preserve
the pH-sensitivity and biocompatible nature of chitosan. The micro-
structures and mechanical properties of the hydrogels were also tuned to
serve specific needs [54].

Michael addition is another in situ reaction used for the synthesis of
injectable hydrogels. It involves addition reactions of an electrophilic
conjugated systemwith a nucleophilic carbon ion. This reaction is mostly
attractive due to its high selectivity under mild condition [2].

Photo cross-linking is another approach that involves the exposure of
UV (ultraviolet) or visible light for a short duration of time. Combination
of both UV cross-linkable components and stimuli responsive polymer
can also be used for the synthesis of injectable hydrogels [13]. As the
degree of cross-linking depends on the irradiation time and the distance
of the irradiation source, increased exposure of UV leads to formation of
hydrogel of high mechanical strength. Photo cross-linked hydrogels are
prepared by free radical polymerization of monomers and polymers
containing certain functional groups (such as methacrylate, acrylate,
etc.) in presence of photoinitiators upon exposure to light. Irgacure 2959
is one of the most common photo cross-linkers used to synthesize chi-
tosan hydrogels and is reportedly to produce less cytotoxicity in com-
parison to others from the Irgacure series [56].

3.3. Ionic cross-linking or supramolecular interaction

Ionic cross-linking is another method of preparation for chitosan
based injectable hydrogels. The formation of injectable hydrogels involve
divalent ions such as calcium and zinc ions, as well as use of guluronic
acid from alginate moiety cross-linked in an ionic manner [57]. Rapid
synthesis of carboxymethyl chitosan using cooper, zinc and silver ions
have been successful wherein detailed analyses revealed ordered
complexation of the metal ions with carboxylic, amino and hydroxyl
groups of the polymer chains [58]. The formation of chitosan based
injectable hydrogels by involvement of calcium ions has contributed the
towards repair of spinal cord and various concentrations of calcium ions
may help in managing the mechanical properties [13].

The supramolecular hydrogel formation occurs through the interac-
tion between cyclodextrin and various polymers, where cyclodextrin
form supramolecular complexes due to the hydrogen bonds and hydro-
philic interactions with the polymer chains [13]. Nanomaterials such as
graphene oxide have also been used as a two dimensional cross-linker to
fabricate chitosan based supramolecular hydrogels [59].

3.4. 3D printed hydrogels

It is often challenging to design a drug delivery device that combine
proper geometry, order pore structure, degradation profile and can
withstand mechanical stress during physiological loading. Expansion of
3D printing technology into biomedical engineering has enabled re-
searchers to control and optimize these parameters and generate
biocompatible scaffolds for drug delivery applications. 3D printed
hydrogels are considered as one advanced approach to upgrade the
mechanical strength. It helps to improve defective bones as well as in
osteogenesis. Although additive manufacturing of hydrogels through 3D
printing is attractive, the properties required of a printable bioink are
quite demanding; they should be processable, compatible and must
possess tissue-like features. In contrast to conventional hydrogels,
injectable hydrogels should be able form their ‘hydrogel’ structure after
their in vivo administration [39]. Biopolymers such as carboxymethyl
cellulose, polylactic acid, agarose, methacrylates, polylysine, hyaluronic
acid, and gelatin have often been applied as bioink materials by various
4

cross-linking mechanisms including click chemistry, ionic bondings and
hydrogen interactions [60–62].

Dong and colleagues develop a scaffold unification of 3D printed PCL
constructs and bone marrow mesenchymal stem cells (BMMSCs) that
were loaded into chitosan hydrogels. Compared to other individual
scaffolds, it has more potential efficacy in case of cell seeding, mechan-
ical strength and osteogenic capacity in vivo [63]. Xiangling Ye et al. in
another study used 3D printing for fabricating poly(3--
hydroxybutyrate-co-3-hydroxyvalerate)-calcium sulphate hemihydrate
loaded with chitosan hydrogels. It helped inducing new bone formation
and enhances cell adhesion and proliferations well as osteogenesis of
rBMSCs (rat bone marrow stromal cells) [64].

4. Chitosan in smart drug delivery

Chitosan and its derivatives naturally exhibit pH sensitivity, good
biocompatibility, enzymatic biodegradability and polycationic nature.
Conjugation of various polymers with chitosan and protonation or
deprotonation of amino group enhances the pH-responsiveness of chi-
tosan based injectable hydrogels. Polymer chains in lower pH can easily
expand to improve the water solubility by protonated the amino group
that induces electrostatic repulsion, whereas higher pH reduces the water
solubility of chitosan by deprotonated the amino group causing impair-
ment of the globular structure. Hence, for this case, swelling property and
water solubility depend on the pKa value and external pH conditions [65,
66].

Moreover, in neutral and alkaline solutions, chitosan shows poor
solubility and mechanical performance. Many physical and chemical
strategies have been developed to improve the solubility of chitosan
without impairing any other important characteristics [35,66]. Blending
of various polymers with chitosan can improve the pH responsiveness
characteristics. For example, application of sodium bicarbonate as gelling
agent into chitosan-hydroxyapatite allows quick gelation within 4 min
exhibiting good viability, proliferation and dispersion as a potential cell
carrier [67]. Development of another approach by Chen Zhao et al.
through combining chitosan and amorphous calcium phosphate to
develop a composite hydrogel system in which an acidifier of glucono
δ-lactone is used to achieve a pH-responsive injectable hydrogel with
good biocompatibility as well as effective cell-adhesion and proliferation
[35,68].

Temperature is one of the many factors responsible for formation of
injectable hydrogels. Incorporation of thermo-responsive polymers are
generally responsible for preparation of chitosan-based smart hydrogels
[69]. A desirable chitosan-based thermo-responsive injectable shows
sol-gel transition as the temperature changes, i.e., liquid at room tem-
perature and phase transition begins at physiological temperature.
Ideally chitosan based thermo-responsive injectable hydrogels provide
applications in tissue-engineering such as enhanced bone tissue forma-
tion as well as cellular activity due to its attractive characteristics of
mould-ability, good biocompatibility and biodegradability [35,66,70].
The first thermo-responsive injectable hydrogel was prepared by Chenite
et al. where β-glycerophosphate and chitosan were used to form the
matrix and that enhances drug efficacy and prolongs drug retention time.
These injectable hydrogels have sol-gel transition temperature at 37 �C
and can be used to deliver growth factors, small drugs, nucleic acid and
cells [71]. Poly (N-isopropylacrylamide) (PNIPAM) is also a
thermo-responsive polymer which gives phase transition behaviour at
around 30 �C [72].

Light responsive hydrogels have also received some attention in the
field of drug delivery, due to their advantages of non-invasive, remote-
controlled, and instant delivery. Such hydrogels have a pivotal role in
photothermal therapy wherein photo-absorbing agents convert light
energy to heat at the target site. While conventional light-responsive
hydrogels with visible or UV light irradiation could suffer from limita-
tions in penetration depth, near-infrared (NIR) responsive hydrogels can
be an alternate strategy to control the release (Fig. 2). NIR responsive



Fig. 2. Mechanism of NIR triggered release of doxorubicin loaded light responsive hydrogel [73].
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agents are incorporated within the hydrogel matrix so that the integrity
of the hydrogel is compromised due to sol-gel transition upon stimulated
by NIR. Once the radiation is off, the drug release is restricted with the
structural recovery of the hydrogel from the thermal effect [73,74].

Dual responsive hydrogel with chitosan is also a potential develop-
ment for drug delivery. Phenylboronic acid with chitosan introduced
sensitivity to glucose, while the pH sensitivity property is due to the
presence of oxidised dextran [72]. Another polymer with chitosan that
has been used to obtain sol-gel transition at physiological pH and tem-
perature is glycerol phosphate [75].

5. Recent trends in chitosan injectable hydrogels

Bacterial infections are one of the biggest challenges faced by the
healthcare community and formation of bacterial biofilms have signifi-
cantly contributed to the development of bacterial resistance to antibiotic
therapy [76]. Self-healing chitosan hydrogels designed through supra-
molecular interactions have demonstrated antibacterial property against
a wide range of organisms. Incorporation of reduced graphene oxide had
lent a photothermal capacity which specifically caused membrane
rupture, protein denaturation and bacterial destruction upon
photo-activation (Fig. 3) [76,77]. Injectable chitosan hydrogels con-
taining drugs such as amoxicillin and ibuprofen could release their cargo
upon stimulated by electric fields or pH change. They were also regarded
as ideal candidates for smart drug delivery in antibacterial therapy [78].

In chemotherapy, the adverse effects of injectable hydrogels were
Fig. 3. Chitosan supramolecular hydrogel with

5

reduced by controlling the rate of drug release as well as drug loading,
degradation, and swelling behaviour of the hydrogels. These injectable
hydrogels have also been used in control release of regenerativemedicine
and in immunotherapy. For the delivery of site-specific therapeutic
agents, injectable hydrogels are expected to play a greater role as
compared to conventional hydrogels. Additionally, injectable hydrogels
have also been used as carriers or scaffolds for delivery of cells or
bioactive moieties such as enzymes, proteins, etc. Recent studies on
injectable hydrogels indicate high drug entrapment and can be used for
the treatment of different types of cancer as well as effective treatment on
diabetes and microbial infection [79,80]. For cervical carcinoma treat-
ment, Wei and colleagues developed an injectable hydrogel that could
deliver doxorubicin and combretastatin giving synergistic anticancer
effect [81].

A significant portion of the global population, especially the elderly
people, suffer from various kinds of degenerative ailments, both at neural
and peripheral levels. Hydrogels have been an attractive platform for
encapsulation and delivery of variety of cytokines and stem cells for
tissue regeneration and cytoarchitecture preservation [82]. Yizhou et al.
designed an injectable hydrogel with dopamine and gelatin quaternized
into chitosan base to treat Parkinson's disease [83]. Other degenerative
conditions such as disc herniation, macular degeneration and interver-
tebral disc damage can also be alleviated through the use of chitosan
based thermo-sensitive hydrogels. These injectable formulations can
restore the biomechanical function and thus lessen lower back pain
[84–86].
photo-thermal antibacterial activity [77].
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6. Conclusion and future perspectives

Recently, chitosan based injectable hydrogels have emerged as a
successful platform for delivery of drugs. Chitosan is a natural polymer
and because of its good bioavailability and low toxicity, it is acceptable as
a material for biomedical application. It has been categorized by the
United States Food and Drug Administration as ‘safe’. Hence chitosan is
widely explored to design new generation biomaterials in various phys-
ical forms, like nanoparticles, films, sponges and hydrogels. Chitosan
based hydrogels can be used for delivery of drugs, proteins, genes, an-
tigens, etc., but due to low solubility of chitosan in water, number of
harsh preparation procedures are followed. Chemically cross-linked
injectable hydrogels are limited to certain reactions hence they have
few applications compared with physical cross-linking method. Howev-
er, chemically cross-linked injectable hydrogels have advantages as they
take less time compared to physical cross-linking injectable hydrogels.
Sometimes, natural polymers are used in ionic or supramolecular
injectable hydrogels that helps to maintain a bridge between physically
and chemically cross-linking injectable hydrogels. These strategies may
be further exploited to design pH- or thermo-sensitive hydrogels which
can facilitate delivery of wide range of drugs at a specific pH or
temperature.

It is also essential to note that the encapsulation as well as the release
of the drugs from the hydrogel matrix depends on the degree of acety-
lation of chitosan, nature of the entrapped molecules, and its function-
alization. Incomplete understanding of critical information such nature
of the drug-polymer interactions and drug loading plays a major part in
the therapeutic inefficiency of the hydrogel. Hence, a detailed idea on the
specific application of the hydrogel should be conceived prior to the
selection of the drug and synthesis strategy.
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