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Abstract

As a chitin- and glucosamine-derived polysaccharide, chitosan is biodegradable, biocompatible, and non-toxic. Among the
latest high-value engineering materials, chitosan hydrogels own outstanding features such as biodegradability, biocompat-
ibility, non-toxicity, swelling reversibility, flexible adaption to external triggers, and the capability of drug loading. Recently,
applying chitosan hydrogels to facilitate human biological processes like inflammation has become an interesting topic
demonstrated by many publications about their potential in wound dressing, tissue engineering, and treatment of cancer,
Parkinson’s disease, and gastric ulcer. This paper reviews the most recent procedures for synthesizing chitosan hydrogels
as a smart anti-inflammatory drug delivery system. The characteristics of chitosan hydrogel, including pH sensitivity, tem-
perature sensitivity, electric sensitivity, and magnetic strength, for flexible anti-inflammation, are all discussed to provide a
comprehensive overview of anti-inflammatory chitosan hydrogel.
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1 Introduction

Hydrogels are networks of hydrophilic polymer chains that
can absorb and retain a large amount of water in the sub-
stitutional spaces between these chains due to the three-
dimensional cross-linking structure [1]. This structure
is obtained after the hydrophilic domains and groups are
hydrated in an aqueous medium and present in a polymeric
network [2]. To extend the application and effectiveness of
hydrogels, the synthesis of smart hydrogels has been car-
ried out. Synthetic hydrogel networks are applied in many
practical use-cases where a material compatible with aque-
ous solvents is necessary, but with the condition that this
material will not dissolve. Their water-insoluble ability is
enabled by the network structure of chemical or physical
cross-links, which also guarantees physical integrity to the
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system. Such hydrophilicity and elasticity help to encap-
sulate drugs for controlled release as well as prolong their
lifetime [3]. Many properties of synthetic hydrogels such as
biocompatibility and biodegradability make them one of the
best materials to apply for contact with human tissues. Only
the surrounding tissue is minimally damaged due to its vis-
coelastic nature [4]. Absorbing and retaining aqueous media
help hydrogels to be permeable to small molecules such as
metabolites, oxygen, and nutrients as well as strongly resem-
ble with living tissue. Indeed, the possibility of creating a
biocompatible synthetic material with a poly-based hydrogel
(2- hydroxyethyl methacrylate) (PHEMA) was first proposed
by Wichterle and Lim [5]. This seminal work has opened a
wide range of investigations on hydrogels for biomedical
use-cases drug delivery, wound dressing, scaffolds for tis-
sue engineering, actuators, biosensors, and the production of
contact lenses. Since hydrogels have been formulated with
different methods using a wide range of polymers. In par-
ticular, polymers with properly controlled properties can be
used to modify or enhance the features of hydrogels such as
pore size. Especially, hydrogels have become a better alter-
native than other drug delivery systems due to such pore
size change, which allows monitoring of the speed of drug
diffusion through hydrogels’ network [6].
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Among the investigations of hydrogel fabrication, chi-
tosan is one of the most popular biocompatible polymers.
It is a cationic polysaccharide that is produced through
the process of alkaline deacetylation of chitin, a primary
exoskeletal ingredient in crustaceans [7]. Chitosan is a
biodegradable, biocompatible, and non-toxic biopolymer
with diverse research and application benefits in many
industries. Its special properties include antibacterial, anti-
oxidant, regenerating/repairing, film forming, lipid granu-
lation, absorption, binding, etc. Thus allowing chitosan to
be used in many industries, including agriculture, food,
cosmetics/skin care, medical, pharmaceutical, etc. With
strong bioactivity and diverse applications, chitosan and
its derivatives have great potential to become the leading
‘green & sustainable’ solution for many industries around
the world.

Inflammation is a primary cause of many inveterate dis-
eases such as heart disease, inflammatory bowel disease,
and autoimmune disorder, making the treatment of chronic
diseases challenging [8]. The current limitation of treat-
ment is the poor selectivity of the drug between normal and
inflammation tissue. The side effects of drug toxicity are
often observed due to a high dosage of drugs used by tra-
ditional therapeutic treatments. During the treatment, drug
dosage is limited and drug resistance is increased as a result
of these effects, including chronic neurotoxicity, marrow
failure, and kidney failure [9]. Therefore, to overcome the
aforementioned limitations, some research carry out creating
drug carriers, that utilize the targeted area of affected tissues
intending to increase the accumulation of drug inflammation
cells, release drugs in a controlled manner, and limit drug
concentration in healthy tissues [10]. As a result, it will
reduce the side effects of the drug and enhance the effective-
ness of the treatment.

Many in vitro studies have shown that chitosan hydrogel
when loaded with anti-inflammatory drug, has a considera-
ble anti-inflammatory effect. RAW 264.7 macrophages were
often employed for incubation and determining inhibitory
activity on the production of many pro-inflammatory medi-
ators and cytokines [11]. Furthermore, some in vivo tests
were conducted by inducing inflammation on rat paws. The
paw thickness was measured along with the reduction in pro-
inflammatory cytokines for evaluation of anti-inflammatory
activity [12]. As an outcome, the drug-loaded hydrogel was
discovered to promote infected wound healing via sequential
hemostasis as well as antibacterial and anti-inflammatory
mechanisms. Most investigations found that hydrogel as
a drug carrier, possessed anti-inflammatory properties by
suppressing the formation of NO, PGE2, TNF-, and IL-6
(Pro-inflammatory cytokines which plays the main role in
inflammatory response). As a result, when combined with
the outstanding properties as sustained release, biocompat-
ibility, biodegradability, etc. , hydrogel might be a promising
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therapeutic carrier for anti-inflammatory applications [11,
12].

2 Chitosan hydrogels characteristics
in anti-inflammatory

With the recent advances in polymer chemistry and drug
delivery, chitosan hydrogels have attracted many studies that
use them for drug release in a temporal, spatial, and dosage-
controlled manner. Release control is needed to systemati-
cally control the frequency of drug administration, which in
turn avoids side effects caused by high drug concentrations.
Drug release is controlled by the porosity of hydrogel, which
is dictated by the cross-linking density of the polymer net-
work [3]. To enable localized drug delivery, recent works
have considered injectable hydrogels, a.k.a. environment
stimulus-responsive hydrogels, as a potential solution [13,
14]. To this end, a wide range of external stimuli such as
pH [15, 16], temperature [13], electrical field [14], and mag-
netic field [17] have been studied, which lead to different
types of hydrogels.

2.1 pH-sensitive chitosan hydrogels

Chitosan hydrogels are cationic. They are un-ionized above
and ionized below the pKa of the polymeric network. The
presence of ions creates a large osmotic swelling force
that makes the hydrogel swell at a pH below the polymer
pKa [18]. Such pH-dependent deswelling/swelling behav-
ior of the hydrogel can be guided by electrostatic repulsive
forces, thereby controlling the release of drugs [19]. This
behavior can be controlled by the properties of the polymer
as well such as hydrophilicity, hydrophobicity, concentra-
tion, charge, ionization degree, ionizable group pKa, and
cross-link density. Other controlling factors include the
nature of the buffering species and characteristics of the
swelling medium such as valency, counterion, ionic strength,
and pH [19]. The degradation of pH-responsive hydrogels
can be enabled by acidic pH that interrupts the cross-linking
between the chitosan and supporting polymers, which results
in larger pore size of the hydrogels under low pH. Larger
pores will provide larger space for the payload diffusion and
provide a larger swelling ratio [14]. Moreover, in such an
acidic environment, the chitosan amino groups will be posi-
tively charged and protonated, leading to enhanced hydro-
philicity and intermolecular electrostatic repulsion which
in turn increases the swelling of the hydrogel [14] (Fig. 1).

In practice, pH-responsive chitosan hydrogels are syn-
thesized by Chaves et al. [15] to control the release of DAP,
which is a bactericidal agent used in the treatment of leprosy.
DAP has low bioavailability and microbial resistance due to
its low solubility in water, although it has high therapeutic
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Fig.1 The pH-responsive swelling of chitosan hydrogels (which are
cationic)

potential. With the acidic environment in the hydrogel, the
Schiff base bonds between NH2 and CHO from the chitosan
and other polymers become weaker and decompose over
time [14], increasing the swelling and responsiveness of
hydrogels in acid pH.

Another practice is creating and using chitosan composite
hydrogels [16] to release potent nonsteroidal anti-inflamma-
tory drugs such as piroxicam, which is used in the prevention
and treatment of colon cancers and colonic inflammatory
conditions with analgesic activities [20], due to their pH-
sensitive drug delivery capability. Moreover, it is noteworthy
that the swelling of chitosan composite hydrogels gets better
under weak alkaline conditions, making them a candidate
for carrying drugs in colon-specific drug delivery systems.
Being colon-specific, the system can help to release drugs
in the upper gastrointestinal tract, thus avoiding side effects
including ulceration and gastrointestinal irritation in long-
term therapy [21, 22].

The swelling of the chitosan composite hydrogels in
aqueous solutions of different pHs can be controlled by dif-
ferent mass ratios between the polyanions [16]. On the one
hand, the equilibrium swelling ratio of hydrogels is lower at
lower pHs. it is higher with higher pHs but then decreases
again after peaking at pH 8.0.

2.2 Thermosensitive chitosan hydrogels

Although chitosan is not a thermoresponsive polymer, such a
thermoresponsive behavior can be achieved by adding a par-
ticular hydroxyl or amphiphilic thermoresponsive polymers
inside the chitosan network [23, 24]. The thermo-responsive
property is originated from hydrophobic groups such as pro-
pyl, ethyl, and methyl and is evidenced by the interaction

of water molecule with these hydrophic groups in various
temperature levels [25]. Hydrophobic and hydrophilic com-
ponents co-exist inside the structure of a thermosensitive
hydrogel. These components play the main role in the ther-
mal response mechanism. When there is a shift in tempera-
ture, a change in the sol-gel transition behavior is observed
due to the interaction between hydrophobic and hydrophilic
segments, thus altering the solubility of the crosslinked net-
work [26, 27].

There are three types of thermo-responsive polymers. The
first one is the hydrophilic and hydrophobic type that does
not need any gelling agents (Copolymer) and repeat units on
their backbone. The second type includes a separate, func-
tional, hydrophilic and hydrophobic group that requires a
gelling agent. For example, chitosan has a hydrophilic group
and a hydrophobic group via glucosamine and acetyle glu-
cosamine repeat unit respectively; and these groups can
exhibit a thermo-responsive property via polyol such as
beta glycerophosphate. The third type has hydrophilic and
hydrophobic groups on a single repeat unit simultaneously,
which does not require a gelling agent [28]. In all cases we
need to conjugate gelling agent by covalent interactions or
intermolecular interactions like polyols and amine group of
chitosan, there are some other inherent thermoresponsive
polymers like PNIPAAM [28]

To be eligible for biomedical applications, a polymer
solution requires low viscosity at room temperature and
forming a gel above LCST. This is because it will be injected
into a human body as a liquid and when the body tempera-
ture is above LCST, it will form a gel in situ. Moreover,
these materials can be applied for other biomedical and
pharmaceutical applications as carrier matrices [29], by
forming a gel in situ at body temperature using thermosen-
sitive polymers [13].

Injectable thermosensitive hydrogels were first synthe-
sized for the treatment of osteoarthritis by mixing chitosan
and Pluronic-F127 loaded dexamethasone by Garcia-Couce
et al. [13]. Before that, the treatments mainly focused on
mitigating the main symptomatology with anti-inflammatory
drugs via topical and oral vials [30]. However, administering
these drugs frequently via oral vial would cause serious gas-
trointestinal side effects, whereas topical applications also
have low effectiveness. In general, thermosensitive chitosan
hydrogels exhibit a sol-gel transition when the temperature
changes. Then they form a deposit that allows the controlled
release of the drug and prolongs its permanence within the
joint [31]. Thanks to the presence of positive charges in its
structure, chitosan has excellent bioadhesive, non-toxicity,
biodegradability, and biocompatibility properties [32].

Another application of injectable thermosensitive
hydrogels is to prevent local tumor recurrence. They are
developed in situ by combining neutralized chitosan with
b-glycerophosphate-loaded paclitaxel by Ruel-Gariepy
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et al. [33]. The latter becomes liquid at room temperature
but becomes a gel when heated to the body temperature.
Such in situ gelling enables a sustained release of paclitaxel
at tumor resection sites as well as controlled delivery over 1
month. This application emerges as a therapeutic approach
to combat solid tumors as well as prevent metastasis and
tumor re-growth. After the tumor is surgically removed, a
biodegradable device loaded with an anti-neoplastic agent
will be implanted in the resulting cavity. Such an approach
allows for high local drug concentration, and thus effi-
ciently removes surviving malignant cells as well as avoids
the typical side effects of chemotherapy associated with its
intravenous administration. Ye Wang et al. also developed
thermosensitive hydrogels by combining chitosan and glyc-
erol-loaded meloxicam as well [34].

2.3 Electro-sensitive hydrogels

Electro-sensitive hydrogels can be developed by combining
chitosan with an electro-sensitive polymer. Electro-sensitive
polymers are a type of specialized polymers that respond to
an external electric field, under which they will make the
hydrogel swell or dwell.

Jin Qu et al. [14] synthesized such hydrogels by mix-
ing chitosan-graft-polyaniline and oxide dextran under
physiological conditions. Besides the pH sensitivity and
electro-responsiveness, hydrogels created this way are also
conducive to the release of hydrophilic drugs such as ibu-
profen and amoxicillin. The conductivity of hydrogels can
be controlled with polyaniline [35]. For example, increasing
the applied voltage would increase the cumulative release
of drugs significantly. This electric-driven phenomenon of
releasing drug molecules from conductive hydrogels can be
explained by two factors: (1) the difference in the overall net
charge within the polymer upon oxidation or reduction and
(2) the migration of the charged molecules under the electric
field [36, 37]. Applying a voltage on the hydrogels results
in a kind of “on-off”” pulse release, reducing the conducting
polymers and then releasing the negatively charged drugs.
In other words, hydrogels with a voltage release a higher
amount of drugs than those without a voltage.

2.4 Magnetic-sensitive hydrogels

Magnetic-sensitive hydrogels, especially magnetic chitosan
hydrogel (MCH), help to release the drug from a passive
manner to a pulsatile manner from a long distance under
a low frequency passing through the magnetic field. They
can be synthesized by combining hydrogels with iron oxide
nanoparticles with paramagnetic properties.

Mahdavinia et al. [17] synthesized pH-sensitive and
magnetic beads by using carboxymethyl chitosan and car-
rageenan. These beads are used to deliver diclofenac sodium,
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a water-soluble, anti-inflammatory, and non-steroidal drug.
Using in situ method on a mixture of biopolymers can syn-
thesize magnetic Fe;O, nanoparticles. Iron oxide (Fe;O,)
is a good candidate to prepare magnetic hydrogels due to its
magnetite type with excellent biocompatible properties and
saturation magnetization [38]. Controlling the drug release
from magnetic hydrogels can be achieved with an external
magnetic field.

Indeed, an external alternative-magnetic-field (AMF) can
increase the amount of drug released from all samples via
magnetic hydrogel beads. Such increase can be attributed to
the alignment of the applied AMF with magnetic nanoparti-
cles. While having a constant motion, the magnetic nanopar-
ticles can be agitated by the fluctuation of the applied AMF.
This agitation helps to relax the polymer backbones, result-
ing in an increment of released drug [39]. Dual sensitive
hydrogels that simultaneously respond to the pH change and
the AMF are also desirable. Such hydrogels can be obtained
by using superparamagnetic iron oxide nanoparticles (SPI-
ONs) on top of pH-sensitive hydrogels [40]. This condi-
tion can be achieved by applying an external magnetic field
on the drug-targeting carrier-based SPIONs that are being
directly conducted at the target tissue or cell. This effect will
reduce the circulation time, hence leading to a decreased
drug dosage and limited side effects [41].

2.5 The drug release mechanism of chitosan
hydrogels

Rapid and sustained drug release processes are the two types
of drug release mechanisms. Drugs can bind to hydrogels
non-covalently, allowing the drug to move freely within
the network. When the hydrogel is implanted in the body,
the drug is explosively released at the beginning due to the
concentration gradient generated between itself and the sur-
rounding environment [42]. Such increased drug concen-
tration, on the other hand, inhibits drug release from the
hydrogel over time. Fast drug release might limit therapeu-
tic effectiveness or even cause hazardous adverse effects in
some patients. Most medications are either covalently or
physically linked to the polymer before gelation to achieve
this effect. As a result, the movement of drug molecules
can be effectively governed by the hydrogel within its net-
work; limiting the conditions of drug release to the only
destruction of the hydrogel network [42]. Polymers that
respond to a variety of stimuli can be utilized to regulate
drug release rate and timing. Nonetheless, because research
on drug release from hydrogels is still in its early stages, it
is critical to examine this mechanism [43]. Selective treat-
ment requires a fine-tuned control when hydrogel particles
are administered intravenously or orally. This control can
be achieved through biological and chemical release. As
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a result, it allows hydrogel particles to encounter the dis-
eased target site property after interesting with a significant
amount of healthy tissues.

3 Synthesis of chitosan hydrogels for drug
delivery

3.1 Physical cross linking

Agents and reagents for chemical crosslinking are in
immense shortage nowadays, hence, physical crosslinked
gels have recently sparked a lot of attention. Many chemi-
cal crosslinking agents are hazardous substances that may
be easily isolated or detached from produced gels prior to
being used. Additionally, they can, as well, alter the state of
entrapped molecules such as proteins, medicines, and organ-
isms [44]. Physical gels have several disadvantages, includ-
ing instability (uncontrolled dissolving), reduced resistance
to mechanical action, and hard control of pore size [45]. In
physical gels, unbound chain terminals or loops can also
appear as temporary entanglement of faults [46]. The most
frequent physical cross-linking procedures for the manufac-
ture of chitosan hydrogels are explained below.

Hydrophobic interaction. Hydrophobic polymers cross-
link in aqueous settings in the process known as reverse
thermal gelation. The process is commonly denoted as ‘sol-
gel’ chemical reaction. To make a polymer amphiphile, the
hydrophobic segment is connected to a hydrophilic poly-
mer segment via post-polymerization grafting or by directly
synthesizing a block copolymer. At low temperatures, the
amphiphiles quickly dissolve in water. However, when the
rises in temperature occur, hydrophobic domains agglom-
erate to reduce quantity of structured water covering the
hydrophobic domains, increasing the solvent entropy and
minimizing the hydrophobic region contacting the bulk
water [44].

For tissue regeneration and drug administration, a rec-
ommendation for in situ thermo-sensitive chitosan-f-glyc-
erophosphate (CeGP) gel injectable has been approved [44].
The competition between various intermolecular interactions
can be summed up as the sol/gel transition. The electrostatic
repulsion between positively charged chitosan molecules, the
repulsion detection effect caused by this negatively charged
p-glycerophosphate, the attractive interaction between chi-
tosan molecules, hydrophobicity, and hydrogen bonding are
all examples of these interactions [47].

Polyelectrolyte complexation (PEC). PECs basically
refers networks of biocompatible molecules with intrigu-
ing expansion properties. PEC gels, which are generated
in aqueous solution by electrostatic attraction between two
polyelectrolytes with opposite charges, are typical of pos-
sessing distinct chemical and physical characteristics. The

electrostatically charged contacts in PEC gels, for exam-
ple, are highly stable as compared to secondary binding
interactions. The major interaction that leads to the crea-
tion of PECs is the electrostatic pulls between the cationic
amino class of chitosan and the anionic categorization other
polyelectrolyte [44].

Freeze-Thaw processing. Hydrogels made by freezing and
thawing polyvinyl alcohol (PVA) solutions have received a
lot of attention. Non-toxicity, non-carcinogenicity, biocom-
patibility of the resulting polymer, and the lack of crosslink-
ing or initiating chemicals in the synthesis of are some of
the advantages of the physical crosslinking of hydrocarbons
obtained by freezing/thawing. At freezing point, liquid-
liquid disintegration phase occurs through the process of
crystallization in the polymer-depleted phase. The hydrogen
bonds of PVA and the formation of microcrystals are caused
chains full of polymer in the polymerich stage. In addition,
liquifaction enhances binding between polymer residues and
the formation of crystalline domains to form a hydrogel net-
work [48, 49].

3.2 Chemical cross linking

Chemical cross-linking is a school of methods that polymer
chains’ covalent bonding for hydrogel network production.
In particular, a wide range of linkage chemistries, such as
amine-carboxylic acid bonding and Schiff base formation,
can be constructed with the following cross-linkers and
-NH2 and -OH chemical handles to prepare cross-linked
chitosan networks [50-52].

Chemical cross-linkers. These are molecules that have
more than two reactive functional groups permitting poly-
meric chains to connect together. Genipin and glutaralde-
hyde are the highly used cross-linkers applied to make chi-
tosan hydrogels so far [53].

Photo crosslinking. Researchers have developed poly-
mer mixes capable of producing hydrogels in situ utilizing
highly functional photosensitive groups, similar to polymer-
polymer crosslinking. When the highly reactive moieties are
added to chitosan, the polymer is then capable of generating
cross-linkages when exposed to UV light.

The degree of crosslinking reaction is proportional to
the amount of UV irradiation time and increases as expo-
sure time increases. As a result, a hydrogel with improved
mechanical characteristics and a decreased swelling ratio
was developed. Other significant advantages of this tech-
nology over traditional chemical procedures such as ease
of formation and control low cost, safety and speed. It also
includes the absence of multiple reactive species, initiators,
or catalysts [44].

Enzymatic cross-linking. Polymers that are highly photo-
sensitive are a great potential family of building blocks for
in situ hydrogel formation, however they have limitations.
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Photo-cross-linking, for example, may necessitate the use
of a photosensitizer and extended irradiation, which con-
sequently increases normall temperature, causing damage
to surrounding cells and tissue [54]. Enzyme-catalyzed
cross-linking reactions provide a new, gentle way to in-situ
hydrogel production. The engineering of tissue and drug
devovery or protein delivery are two biological applications
for which this approach has shown tremendous promise [54].
Cross-linking reactions have been catalyzed by horseradish
peroxidase (HRP), a single-chain f-type hemoprotein that
catalyzes the coupling of phenol or aniline derivatives via
the breakdown of hydrogen peroxide [54, 55].

Graft polymerization. They are a segmented copolymer
with a straight structure of a single polymer and unevenly
distributed branches of the other polymer. Two types of reac-
tive groups can be grafted onto chitosan. The free amino
group and hydroxyl group of the acetate in the distillation
unit or the C3 and C6 carbon atoms in the distillation unit
increase the water solubility, antibacterial and antioxidant
properties.

e Chemical grafting: Chemical grafting begins with the
generation of free radicals on the chitosan chain, which
then react with polymerizable monomers to form the
grafted chain. There can be a single of numerous free
radicals being grafted on the chain. Recent years have
witnessed numerous initiators for grafting copolymeri-
zation. This art of polymerization has been developed,
and incorporates numerous radicals such as Ammonium
PerSulfate (APS), Ferrous Ammonium Sulfate (FAS),
Potassium PerSulfate (PPS), and Ceric Ammonium
Nitrate (CAN) [56].

® Radiation grafting: Radiation crosslinking, unlike other
methods, does not require any additional processes to
start reacting the reagents, therefore the final eventual
results are often inclusive of polymer. Furthermore, the
process of ionizing radiation may often combine together
with synthesis and sterilization of polymeric substances
in one scientific procedure, resulting in lower costs and
faster production. After including chitosan into the PVA
hydrogels, the mechanical characteristics and degree of
swelling significantly enhanced. Chitosan, on the other
hand, is degraded by y-radiation. Chitosan steriliza-
tion by y-radiation causes discolouration, loss of amino
groups, and a reduction in molecular weight.

The following Table 1 shows the summarization of different
paths to synthesize chitosan hydrogels:

There are other relevant routes of chitosan crosslink-
ing. In particular, Olmo et al. [62, 63] described a simple
experiment procedure can be done to achieve the stabil-
ity, swelling, tunable rheology, and self-repair ability for

@ Springer

chitosan by crosslinking it with a synthesized polyethyl-
ene glycol diacid (PEG-diacid). Such achievement can be
explained by the high H-bonding tendency of the resulting
CHI-PEG hydrogel formulations. On the one hand, the
enhancement of anti-inflammatory and antibacterial activi-
ties of hydrogels can be achieving by a sustained release of
sustainedly acetylsalicylic acid (ASA) anti-inflammatory
agent, tetracycline (TCN) and amoxicillin (AMX) anti-
biotics, and loaded cefuroxime (CFX). Moreover, AMX,
TCN, CFX, and ASA can be loaded with biocompatible
hydrogels that can be obtained by crosslinking chitosan
with genipin (GP). These hydrogels also have and a poten-
tial antibacterial efficacy and an almost 100% bacteria
reduction against Escherichia coli and Staphylococcus
aureus. Such a healing effect combined with an increase
in histological analysis, elastin quantities (5.82 + 0.73 pg
elastin and 1.48 & 0.07 pg collagen per mg dermal tissue),
and metabolic activity (95.58 + 4.40%) can treat ulcerated
wounds. On the other hand, improving histological analy-
sis, collagen and elastin quantities (4.97 + 0.61 pg elastin
and 2.12 +0.63 pg collagen per mg dermal tissue), and
metabolic activity (94.51 +4.38%) is a potential solution
for treating ulcerated wounds [64].

Mussel-inspired catecholic chitosan hydrogels were
developed by He at al. [65] to avoid postsurgical tumor
recurrence. Thanks to their excellent tumor inhibition and
anti-inflammatory abilities, these hydrogels act as a multi-
functional surgical tissue adhesiveto. Surgery is still the idi-
osyncratic clinical solution to remove metastatic or primary
tumors [66—-69]. However, such solution has some risks
of surgical traumas and incomplete tumor removal, which
could lead to the cascades of systemic/local inflammation.
These events can in turn retain cancer cells, preserve their
survival, and boost their metastic growth [70, 71]. Augment-
ing hydrogels with firm adhesive capacity could boost the
absorption of pathogenic bacteria, which is the cause of
immune responses such as inflammation and infection [72,
73]. More precisely, the tumo-resected cavity is filled with
CSG/Fe** hydrogels that is the resulting combination of Fe**
and chitosan with conjugated gallic acid (CSG) molecules.
These hydrogels have anti-inflammatory and consider-
able wet-adhesion abilities. Moreover, the surgery-induced
acceleration of tumor growth can be reduced essentially by
the diminished inflammation on top of the quick healing of
irregular injuries.

In Yuan et al. [74], chitosan hydrogels can be augmented
with a better mechanical ability by in-situ self-assembly of
PUE that enables interpenetrating networks. The outcome of
this augmentation is called CS/PUE18 composite hydrogels.
More precisely, PUE, as a small molecule in herbal, acts as
an activator of self-assembly, leading to anti-inflammatory
and antibacterial capacities simultaneously, as well as a pH
responsiveness for chitosan hydrogels.



661

Journal of Porous Materials (2023) 30:655-670

pringer

[09] (sutey
-01d ‘s3nip ‘s[[oo "39)
sooue)sqns paddenus
Jo aInjeu oy a3uey)) - A)1qR)S [BOTURYOQIA -
Kyorxog, - 9z1s snoiod ‘ayer Jurfoms Y} [01U0D ‘9[qe)S IO - SunuI[SSOIO [BOIWAYD) 7

a's

[09] Aiantsuas Hd pue A11Aanoe [er1e)orqnIuE PAIQIYXS ULSOIYD Jurpnout S[oS0IpAY [V -
[09] Aroedes Suroms a3I1e] pue ‘AJIqe)s [ewWLIaY) poos ‘YISuans
[eorueyow Y31y ‘douereadde juoonisuen) B 9ABY UOTIRIPBLIL Id)JE MBY}-9Z321] Suto3Iopun S[930IpAY -
JUIUOD UBSOIIYD
) pue 9[OAD MBYI-9Z921J ) AQ PI[[OTIU0D 2q URD S[oF0IPAY 9)1s0dWI0d JO SONSLIAJORIRYD SUT[[OMS YT, -
[09] seniadoid [eorsAyd pue [esrwayd [e1oyUq ‘AII[IqepeI3apolq 1509 mo] ‘uoneredard Aseq - Surssaoord meyl-9zoarg ¢'[
son
-STI9J0RIRYD [BLI)ORqTIUE puE UOTJeIdJI[oId [[90 SII 0] oNp Sased asn [edIpawolq I0J Aeprpued Surstwold v -
[09] a1njeu yr0MIoU S[qURdWIOd-01q JIAY) O} NP SONSLISOBILYD SUI[[OMS dABY SDHJ -
pSuans
JTUOT pue JuaA[0s ‘AJIsuap o5reyd ‘arjeredwo) ‘Hd :s10308] 9AT Aq papIoap ST SOHJ JO ANTIqess Ay, -
peojAed onnaderay) & yaim poje3nIw AIe SUONIBAI-SSOID) o
Apoq uewiny ay) 10J 9JeS o
:$)uaTe 9AT}ORAI IO ‘s)sATeIed ‘s10sinoaid orueSIo Jo asn oy -
3urpuoq ua30IpAY I0 SBEA\ JOp UBA SE [ONS SUONJRIAIUI SUIPUIq ATBpU0dds AUk Uey) SUON)ORIIUI JFUONS -
[19] sxowAjod onayjuis pue ‘surajord
‘soprIeyooesA[od se yons sa[nos[our 95Ie] pue UBSOIIYD US21)q SUOTIORISIUT J1JBISOIIOId BIA paurelqQ - (sDdAd) uonexsdwos 9k[ono9[eL[0d 7’1
[£S] sdno1S [Ax0IpAy s, ULSOIIYD PUE SIA[NOS[OW OTUOTe  SUTEYO UBSOIYO POIL[AI08a(Te
:sso1oe Jurpuoq ua3oIpAy eia paureiqQ -
UBSO}IYD 92139p UONR[AIOIBIP PUB UOHBIIUIIUOD Y o
sjudge oruoIue Ay} JO AJISUSP pue 9ZIS AZILYD Y], «
:Aq pop1oap are sonaadod [errejewr oy J, -
suor
-eorjdde [eorpawiolq pue s3nIp Jo 9seI[I [BIO] Y JO Asnedaq Jredar anssn ur s103oej YImoi3 o3 Ajdde ue) -
punodwos payerodioour oy Jo o[gyoId 9sea[aI oY) [0NUO0D UR)) -
[LS] (‘sarenid ‘sajegins “(TA) OIAL PUE (I1) Pd “(I1) 3d 931 s[eIew jo suorue ‘sajeydsoyd)
SO[NO[OW OTUOTUE. [[BWS PUE UBSOIYD JO sdnOIS OuIWE STUONED UIIMIDq UOTIORIUI OIUOI BIA paurelqQ - uonoeIul d1qoydoIpAH 1°1
[9t7] s198 eorsAyd oy
UT $J09Jop 1020 ABJA -

[g] oz1s

a10d Jo [onuod prey - [LS] 9oueys-qns puodas ay) Jo
(pSuans UONBIIUOUOD PUB 2INJeU JYSLI 9y} WOl JOTARYaq SUI[[oms [o3 d[qeun) paureiqQ -

[BOTUBYIIW YBIA ) [09] (surjoad ‘s[ao ‘s3nap “3-9) soouerisqns paddenua jo axmjeu ) dooy - [85] @410109124]0d “OrUOI ‘Suon
UOT}OE [BOIUBYIIW O} uoneorjdde [eorur[o 10} 9Jes :AIOTX0}-UON] - -eroosse d1qoydoIpAy “xordwod rewAjodIojur :suorjoeIojul [eorsAyd urewr moy -

Q0OUR)SISAT PONPIY - [09] syuagear pue sjuaFe SUDUI[-SSOID [BITWAYD JO USQY - [£G] sureyo rowAjod usamiaq
(Surajos-sip pafjon [6S] (Guowruoitaud [esr3ojorsAyd $9010J FUIPUOq ONBISONIA[R Puk ‘UF0IPAY *01qoydoIpAy 0} anp JUI[BAOI-UON] -
-uoo-un) AJIIqelsuy - QU3 UT QWY MOYS B dABY S[9S0IPAY) Snip uri)-11oys Jursesar 10y Aiddy - :SunuI[SSOI0 [BOTSAY] ‘T
sagejueApesI(] sagejueApy SPOYJoW SISOYIUAS

[09 ‘8S] s[9801pAy uesoIyd 9zI1sayIuAs 03 syyed JUAISPIP JO uoneZLIPWWNS | d|qel



Journal of Porous Materials (2023) 30:655-670

662

sonredoid [estueydow pue 92139p FUI[[OMS ) 9SBAIOUT A[JeaI3 Uued S[o30IpAY YA J OIUT UBSOIYD SUIpPY -

own uononpoid pue 1505 9oNPAY -

jonpoid Teuy Ajuo-rowA[od € 0) SuIpes] ‘9AnIppe Aue Jnoyiim palIess aq ued sseoold oy, -
[09] y1omidu

9} 0JUT ASNIIP By} SUOHN]OS ISJFNq BIA PaseaIour Jo suonnjos Hd eia pagueyo aq ued onjer Surfjoms ayJ, -
[09] s[e301pAYy uesoyod jo

amjeu aarsuodsal-Hd oy 01 sYUBY) SANIATOR JUBPIXONUE UAYISUANS UBd [0ua3na pue uesoyyd Sutredald -
UoNeNUIdUOD

JIOYUI[-SSOIO puB ONEI Jawouow 3y} sunsnlpe Aq po[[oNu0d 9q ued s[a301pAY jo Ayoeded Jurjoms ayJ, -

Suroaur3us anssn pue ‘A10A1[9p Snip ‘K1oA1op urejold se yons sased asn [edIpawolq Joj Surstword A[ySiy -
Amiqnios 191em pue ‘sonrodoid Teriojoequue ‘Jueprxonue padueyuy -
sonadoid [esrueyoow 10y31y pue OnjeI JUI[[oMS JOMOT -
S[[90 Surioqy3rou pue anssn Surdewrep AqaIay) ‘oI
-e1odwd) (801 Ay saseaIoul Yorym ‘parinbar are 10znisussojoyd pue uonerper paguofoid :seejueApesi( -
[09] SHoMm)oU 1YST B 0) SPEI] 9sEAIOUT 9SOUM ‘OuT) dInsodxo oy) Aq pajodye ST 9sea[aI J03oe) YIMoIs oy, -
901n0s Y31 AN Y} WOIJ dULISIP ) Aq PAlodyye I uonoeal uonezrowAjod oy, -
peojAed [9501pAY yim Suroeal I9yje asea[ar onNadeIay) SBAIIORIP UIAD JO JIWI[ UBD SIYUI[-SSOID) -
s[aS01pAYy pazIsayuAks 10y 3snw e are suoneoyrnd JuaSuLns 0S O1x0) A[ATIR[AI QI8 SISYUI[-SSOID) -
OIX0} 2q 0] PAIAPISU0D A[[eIoua3 oIk Jey) IpAyaprereIn3 oI sopAyepre-1p uls() -
[09] 19912 51X0101A5 AU JNOYIIM PIOUBYUD I8 SOIBJINS [2F0IPAY UO UOISAYPE PUe A[IGRIA [[dD) -
[09] urejo1d e10q projAwe s IOWIAYZ[Y JO AJIOTX0) O} WO}
suoinau [edwesoddry oy s309101d pue Ajiqedes K1ojewruejur-nue pue sisouddordue-nue sey urdiuan -
[09] @sea[a1 SnIp S[qR[[ONUOD SE YONnSs Suon
-eordde reonnasewreyd ur S[oS0IpAY 9[qN[OS-UOU 9)BAID UL JeY) JUaFe SUDUI[SSOIO [eInjeu € ST urdruon) -

[09] suontpuoo
pITw 1opun sanosfow Arerjrxne jo djay oy} INOYIIM BIpaW snoanbe Ur UOT)OBaI J0AIIP [QRUS SIPAYIp[e-I(] -

Sunjeis uonerpey ¢’

Sunyeid fesrway) ¢

Suor}oBaI unyuI|
-SSOI0 PIZATRIRD-oWAZUS $3sn uonewWIO] [950I1pAY miIs ur o3 yoeoxdde pirua mau y
SunyuIf-sso1d onewAzuy €7

m1s ur [930I1pAY & wioj 0} sdnoi3 [euonouny aansuas-ojoyd Jurspy
Sunyurf-sso1d ojoyd 7'g

SYOBQMBIP SWOS
aAey A9y} Inq sentadoid [esrueyoowr pue J[qeISIP AUBW JARY S[OS0IPAY 9saY], -
Surpuoq proe d1[Ax0qIed-auIE pue
SUOTJRWLIO} 9Seq JJIYOS SE Yons SALNSIWAYD 9TeUI] SNOLIBA )IM PIJeaId oq Ue)) -
SIOUI[-SSOID [BOTWAYD) [T

sagejueApesI(q sagejueApy

spoyjoul SISOYIUAS

(ponunuoo) | sjqey

pringer

Qs



Journal of Porous Materials (2023) 30:655-670

663

Mohamed et al. [75] synthesized another type of anti-
inflammatory chitosan hydrogels that are equipped with thi-
ourea and phthalimido moieties as inhibitors to filter COX-2.
More precisely, chitosan crosslinking is achieved by charac-
terizing and synthesizing four various quantities of diben-
zoyl isothiocyanate and benzophenone tetracarboxylimide
thiourea moiety, with the help of analytical elements such
as SEM, XRD, 1H NMR, and FTIR. The resulting hydrogel
become an anti-inflammatory agent that enables cyclooxy-
genase enzymes COX-1 and COX-2. This capability also
makes it become an anti-H. pylori agent.

4 Techniques for drug loading on chitosan
hydrogels

The effective of a hydrogel as a drug delivery system is
determined by the gel’s physical and chemical qualities,
including the therapeutic characteristics. Certainly, drug
loading, network conformation, and hydrogen substance
process ought to be enjoined to enrich the drug features
resulting from the formation such as hydrophilicity, charge,
and mechanism of action. The mechanisms of action include
a combination of sustained drug release in comparison to
rapid, high exposure [76]. Diffusion, trapping, and tether-
ing are three basic routes to drug loading. Each approach
has its own set of benefits and drawbacks and should be
chosen after considering the hydrogel network employed
and the type of drugs [54]. The most efficient drug loading
approach entails dissolving maximally produced hydrogen
in a saturated solution containing the treatment [77]. The
drug will dissolve gently into the gel and this process will
depend on the porous nature of the hydrogel, the drug quan-
tity, and the composition of each chemical solution. When
the drug is placed in vivo, it gently diffuses back out of the
hydrogel and spreads around the surrounding tissues. This
method works well for loading tiny compounds, but bigger
medicines, such as peptides and proteins, are unable to travel
through the hydrogel’s microscopic pores. Furthermore, it is
important to realize that the drug loading process can con-
sume a lengthy period to complete the entire process.

The payload must be entrapped during the gelation pro-
cess to have the final product contain bigger medicines and
bioligands. The medicine is combined with the polymer
solution, and a cross-linking agent is then introduced into
the solution at this particular juncture. To avoid undesir-
able cross-linking or deactivation of the therapy during
gelation, it is advisable to refer back to the process of
drug molecule formation as indicated in previous reviews
regarding cross-linking. The reviews have discussed a
variety of encapsulated pharmacological methods [78,
79]. Diffusion and trapping both allow the treatment to
travel freely within the hydrogel network. As a result of

concentration differences created between the gel and its
environs, the results can cause the bursting of the solution
released after the hydrogel is implanted in vivo. Drugs can
be covalently or physically bonded together with the poly-
mer chains before gelation as this approach will signifi-
cantly lower down wastage of therapeutic reserve thereby
reducing the dangers of hazardous exposure. This form
of tethering restricts the exposure of tissues to hydrogel
or molecular tether breakage [54]. To manage the speed
and timing of the release, environmental enzymes have
been utilized to link the medication to a polymer that is
susceptible to them.

The drug loading process is further compromised by
molecules with the same charge or opposite hydrophilic-
ity as the constituent polymer. For example, before the
hydrogel and payload can completely mix within the solu-
tion, hydrophobic compounds like paclitaxel require being
complexed with amphiphilic additions [80, 81]. Before
hydrogel loading, the medication was bound to albumin
or mixed in an aqueous citric acid/glyceryl monooleate
solution [82]. Before initiating the process of hydrogel
encapsulation, therapeutics are converted into tiny second-
ary release mediums such as liposomes, micro-particles,
microgels, and micelles [58, 83]. The hydrogel polymer
can gain function through tiny binding domains in addi-
tion to altering the medication before encapsulation. In a
chitosan hydrogel that is fixed inside hydrophobic drug
denbufylline, combining minimal hydrophobic moieties
to the polymer before the loading and gelation process
verified this approach [84].

5 Smart anti-inflammatory chitosan
hydrogels

5.1 Inflammation and why is it important

The basic purpose of the skin is to provide a protective bar-
rier against the environment. Wound healing is critical in
repairing the skin’s integrity from damage, whether induced
by an accident or a targeted approach. Wound healing is a
physiological process that is mostly made up of four steps.
The second of four overlapping steps of that intricate process
is inflammation. The manifestations of inflammation com-
monly seen at the site are swelling, heat, redness, and pain.
There are also behaviors of inflammation inside the body
that cannot be seen by the naked eye to counter inflammatory
agents. Acute inflammation and chronic inflammation are
two types of inflammation in the body. Acute inflammation
occurs when an agent attacks quickly and for a short time,
whereas chronic inflammation occurs when an agent attacks
silently for a long time [85-87].
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5.1.1 Acute inflammation

Acute inflammation occurs when the inflammatory agent
affects the tissue for a short time, causing a short and not
long-lasting inflammatory response. It lasts from a few hours
to a few days. Acute inflammation is distinguished by the
exudation of fluid and plasma proteins and the emigration of
leukocytes. Neutrophils and other motile white cells travel
from blood arteries to perivascular tissues and the site of
injury. Temperature rise, discomfort, soreness, redness, local
edema, and reduced function are symptoms of acute inflam-
mation. Besides, symptoms of an acute inflammatory reac-
tion included fever, elevated blood leukocyte counts, and
the development of acute phase proteins such as fibrinogen
and C-reactive protein in plasma. The exudation of fluid and
plasma proteins and the emigration of leukocytes are indic-
ative of acute inflammation. Neutrophils and other motile
white cells travel from blood arteries to perivascular tissues
and wound sites. Symptoms of acute inflammation are local
edema, redness, soreness, discomfort, as well as temperature
rise, and function inhibition to name a few. In addition, acute
inflammatory bodily reactions comprised of fever elevated
blood leukocyte counts, and the development of acute phase
proteins such as fibrinogen and C-reactive protein in plasma.

If the initial inflammatory reaction affects veins, intravas-
cular thrombosis may occur, limiting venous blood return.
Acute inflammation can turn into chronic inflammation. The
main reaction in acute inflammation is the oozing reaction,
in addition, there is often a destructive reaction, if mild, the
lesions are degenerative, but in severe cases, they may be
necrotic lesions of cells and tissues [88, 89].

5.1.2 Chronic inflammation

The inflammatory process in chronic inflammation can
emerge even if there is no damage, and it does not stop when
it should. It’s not always clear why the inflammation persists.
Bacterial, viral, and parasite infections, chemical irritants,
and non-digestible particles are all known to induce chronic
inflammation. The longer the inflammation lasts, the greater
the chance of carcinogenesis developing and DNA might be
damaged. Illnesses such as arthritis, lupus, allergies, asthma,
IBS, Crohn’s disease, cardiovascular disease, cancer, etc.,
are all linked to chronic inflammation [90].

5.2 Biomechanism of inflammation

Inflammatory agents affect organs and organizations caus-
ing: cell damage, the release of chemical mediators, and dis-
turbances in circulation and metabolism; this same disorder
also produces chemical mediators and aggravates inflamma-
tion. These changes are expressed in three types of reactions:
degradation reactions, leakage reactions, and proliferation

@ Springer

reactions. These reactions do not occur separately but often
combine when one reaction is more obvious, sometimes the
other [91]. In many pieces of research, hydrogels have been
proved to be an interesting candidate for the bioactivity and
sustained release of anti-inflammatory drugs. Besides drug
delivery, hydrogels can be used for the immobilization of
peptides, biological compounds, and proteins due to their
water-swelling characteristics affected by some biological
conditions. Thanks to such high-water nature, hydrogels can
resemble living cells more than any other synthetic biologi-
cal material [92]. Regarding drug delivery and immobiliza-
tion of proteins, peptides, and other biological compounds;
hydrogels are an ideal material thanks to their propensity to
swell in liquid under biological conditions. Their high water
content bears a strong resemblance to natural living cells
more than any other synthetic biological materials.

These networks have an insoluble cross-linking structure
that allows efficient immobilization of active agents or bio-
molecules and allows for their specific release, leading to
hydrogels having the potential of inhibiting the vasodilatory
response of the inflammation process.

5.3 Nonsteroidal anti-inflammatory drugs (NSAIDs)

Nonsteroidal anti-inflammatory drugs (NSAIDs) are medi-
cations containing analgesic and anti-inflammatory proper-
ties, as well as antipyretic and steroid properties (different
from the corticosteroid anti-inflammatory group, which has
the side effect of salt and water retention). Nonsteroidal
anti-inflammatory medications (NSAIDs) have analgesic,
anti-inflammatory, antipyretic, and antiplatelet properties.
Depending on the drug, the degree of these effects will
manifest more or less. As a result, NSAIDs are frequently
used to alleviate inflammation. NSAIDs include Diclofenac,
Flurbiprofen, Ibuprofen, Aspirin, and Indomethacin, among
others. The fundamental mechanism of NSAIDs is the sup-
pression of the enzyme cyclooxygenase (COX). Oral pills
are the most prevalent form of NSAIDs [93, 94]. The advan-
tages and disadvantages of some of the NSAIDs are shown
in Table 2.

5.4 Anti-inflammatory drugs delivery

According to the Biopharmaceutical classification system of
the US Food and Drug Administration (FDA), over 75% of
current drug research active ingredients have poor solubility
in physiological fluid environments, and over 25% of drugs
have low permeability through the gastrointestinal wall,
limiting the ability to absorb and put drugs into the blood
circulation. Hence, drug delivery has altered considerably
during the last several decades, and even more, dramatic
developments are expected shortly. Biomedical engineers
have made significant contributions to our knowledge of
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Table 2 Advantages and disadvantages of common NSAIDs

NSAIDs Advantage Disadvantages

Aspirin Low cost, long history of safety Upper gastrointestinal disturbances are common

Indomethacin Long half-life, permits daily or twice-daily dosing Very potent should be used only after less toxic
agents have proven ineffective

Ibuprofen Lower toxicity and better acceptance in some patients

Celecoxib Less gastrointestinal irritation than aspirin Potential to increase myocardial infarction and stroke

the physiological impediments to effective drug administra-
tion. Medications can be administered in a variety of meth-
ods, including ingesting, inhaling, absorption via the skin,
and intravenous injection. Each approach has benefits and
drawbacks. Table 3 shows some examples of drug delivery
systems.

Among the biomedical materials, hydrogel stands out
as an efficient drug delivery system. A large amount of
study has been conducted on the sustainable and controlled
release of drugs. The potential of hydrogels, which have a
high water content, to provide local and delayed delivery has
previously been established for a wide range of medicinal
substances and polymer forms. Hydrogel has become one of
the most efficient methods of delivering medicinal chemicals

Table 3 Advantages and disadvantages of drug delivery systems

due to its numerous exceptional qualities, including high
swellability, biocompatibility, mucoadhesiveness, and so on.
These materials are already used to make contact lenses,
hygiene items, medication capsules, intravenous injections,
and wound dressings.

Inflammation is the second among the four overlapping
phases of a complicated process called wound healing [85,
87]. Though the human body can provide the necessary
means for countering inflammation in normal wounds, pro-
viding appropriate pH, moisture, and oxygen pressure, and
preventing microbial invasion could significantly improve
the process and hence, accelerate wound healing [86, 87,
100]. Because of its unique properties, such as biocom-
patibility, biodegradability, hemostatic and anti-infection

Delivery system Advantage Disadvantages Refs.
Mesoporous silica nanoparticles - Particle size can be controlled with hire pore - Hemolysis is caused by the interaction [95, 96]
volume, large surface areas, and 100nm range between the surface of the red blood cell
- High anionic drug loading, resulting in good membrane phospholipids and the dense sur-
control of release rate face of silanol groups
Topical formulation—minimiz- - Decreased risk of medication-drug interac- - Mild skin irritation possibility [97]
ing systemic concentrations tions caused by the binding between plasma - Pharmacokinetic absorption from topical
proteins and the NSAID-mediated displace- formulations can vary markedly
ment of drugs
- Drug concentration changes caused by
activation or inhibition of cytochrome P450
enzymes
- Improved tolerability and convenient dosing
regimens
Matrix tablets - Toxicity is reduced by reducing the absorption - Dose-dependent adverse events, including [97, 98]
of the therapeutic substance renal toxicity, cardiovascular events, and
- With persistent dosage, the therapeutic agent’s  gastrointestinal disturbances
buildup is minimized - The greater possibility of first-pass metabo-
- Loading high molecular weight compounds is lism
possible - The initiation of therapeutic action is delayed,
- Increased patient compliance and the burst effect is required
- Inexpensive and safe - Food and the rate of transit through the stom-
ach may influence drug release
Hydrogels - Simple preparation method - Reaction between therapeutic substances and ~ [98, 99]

- Controlled drug release
- Efficient drug delivery

- Allow the insertion of active compounds with

easy degradation

- Possess mucoadhesive characteristics

- Use safe materials

monomers or cross-linking agents might occur

- Therapeutic substances might be degraded
under high-temperature conditions during
preparation
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activity, and the ability to hasten wound healing, chitosan
has been widely used in the biomedical field [60]. In many
studies shown in Table 4, chitosan-based hydrogels have
been proved to be an interesting candidate for the bioactiv-
ity and sustained release of anti-inflammatory drugs.

The most common method for loading drugs is covalent
bonding. Before gelation, the medications are covalently or
physically bonded to the polymer chains to reduce the loss
of therapeutic reserve and the danger of hazardous exposure,
this method is best suited for the entrapment of hydrophilic
drugs [107]. The reason for this is the capability of loading
larger drugs than the other methods. Besides, this loading
method could significantly lower the degree of burst release
and prolong the release duration. For instance, the hydro-
gels synthesized in the studies of Zhang et al., Kim et al.,
and Hemmingsen et al. exhibited a constant release dura-
tion of 85.3% in 12 days up to 30% in 14 days [101, 108,
109]. However, drug release from chitosan-based hydrogels
is also influenced by the particulate system’s morphology,
size, density, and extent of crosslinking, as well as the drug’s
physicochemical properties and polymer properties, such
as whether the polymer is hydrophilic or hydrophobic, has
gel formation potentials, swelling capacity, mucous bio-
adhesive properties, and the presence of other excipients
present in the dosage form [107]. In addition, compared to
the other methods, covalent bonding exhibits no toxic mate-
rial leaching, which is more suitable for usage. However, it
remains the drawback of a higher chance of drug deactiva-
tion during polymer bonding than in the permeation method.
Some other studies on loading hesperidin, epicatechin, and
resveratrol, however, used the method of permeation and
entrapment [103, 104, 110]. To better enhance the loading
and delivery efficiency, liposomes are synthesized to support
drug loading in this method before being incorporated into
the hydrogels. Although not many researchers conduct the
entrapment efficiency experiment, the works of Gull et al.,
Zhang et al., and Joraholmen et al. demonstrated that the
efficiency stays at around 70-80% regardless of the loading
method [8, 103, 104, 109]. The therapeutic characteristics of
nonsteroidal anti-inflammatory drugs (NSAIDS) is enabled

Table 4 Delivery of anti-inflammatory drugs from CS hydrogels

by the suppression of cyclooxygenase (COX) (Prostaglan-
dins are also made by this enzyme) [111]. Based on the spe-
cific application and features of each drug, the administra-
tion route for chitosan-based hydrogel varies, namely oral,
transdermal, parental, vaginal, etc. For drugs like benzy-
damine hydrochloride, which is an NSAID used for the treat-
ment of common diseases like mouth ulcers and sore throats
are commonly administered through an oral route in the form
of a capsule for its convenience in improving patient compli-
ance and comfort, and to reduce the cost compared to other
methods. However, the bioavailability is greatly governed
by the initial metabolism and the amount of drug absorbed
across the intestinal epithelium [112]. Another disadvantage
is that the oral route is limited to micro-molecular drugs.
Whereas, hydrogels are candidate materials for oral delivery
of macro-molecular drugs and small hydrophilic molecules
(400 Da to 30 kDa) [113].

Considering the application of anti-inflammatories in
wound healing, hydrogels are commonly synthesized for
the transdermal administration route. This type of hydro-
gel is applied directly on the skin of the affected region in
the form of a patch and is commonly used for an external
wound. After touching the skin, the drug infiltrates the dead
stratum corneum and then arrives at the blood vessels, the
dermis, and the viable epidermis [114]. By delivering the
drug directly to the wound site with the mechanism of tran-
sepithelial drug delivery, the risk of systemic side effects can
be avoided. For this reason, many chitosan-based hydrogels
are synthesized in the form of a patch, such as hydrogels
loaded with chlorhexidine, hesperidin, bee venom, and oys-
ter peptide [101, 12, 110, 115]. However, the drawback is
that there is a possibility of resulting in skin irritation.

For the application in treating sexually transmitted
infections (STIs), drugs of natural origin must be used for
safety and chitosan-based hydrogel will act as the delivery
system for the vaginal therapy. The vagina is a highly
effective site for medication administration, especially in
women’s health. Because it allows for smaller dosages,
consistent drug levels, and less frequent administration
than the oral route, the vaginal route is frequently used

Drug Administration route Loading efficiency ~ Loading method Drug release Refs.
Diclofenac sodium Oral/parenteral 84% Covalent bonding 87.56% in 130 min [8]
Hesperidin Transdermal Unspecified Covalent bonding 77.03 + 8.71% in 14 days  [101]
Chlorhexidine Transdermal Unspecified Permeation, entrapment ~ 47% in24 h [102]
Epicatechin Vaginal 81% Permeation, entrapment ~ 25% in 8 h [103]
Resveratrol Vaginal 77% Permeation, entrapment ~ 35% in 8 h [104]
Benzydamine hydrochloride  Parenteral/oral/ vaginal ~ Unspecified Covalent bonding 70% in 5 h [105]
Indometacin Unspecified Unspecified Covalent bonding 80% in 24 h [106]
Bee venom Transdermal Unspecified Covalent bonding Unspecified [12]
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for drug delivery. Absorption is unaffected by gastroin-
testinal problems, there is no first-pass impact, and usage
is discreet with vaginal medication delivery [116]. In the
study of Joraholmen et al., resveratrol (RES) and epicat-
echin (EPI) are introduced as anti-inflammatory agents
of natural origin [103, 104].

Another widely applied administration route for chi-
tosan-based hydrogels is through injection (parenteral
route). The parental route acts more quickly and reaches
the highest bioavailability among other methods. For this
type of delivery, hydrogels are made into 3 specific types-
in situ-gelling hydrogels, shear-thinning hydrogels, and
macroporous hydrogels [117]:

e For the in situ-gelling hydrogels, we can inject them
in a liquid form but when inside the human body, they
move to a sol-gel transition state. The resultant hydro-
gels will adapt to the shape of the available space at
the injection site, and several techniques can be used to
achieve the sol-gel transition. Any drug-loaded hydro-
gels formed using the method of covalent bonding are
possible to form in situ-gelling hydrogels. However,
proper consideration must be taken before applying as
catalysts or monomers may be required some pre-gel
solutions, which in turn are toxic to cells and tissues.

e For the shear-thinning hydrogels, hydrogels can be
pre-gelled outside the body before being administered
using shear stress. Under shear tension, these shear-
thinning hydrogels flow like low-viscosity fluids dur-
ing the injection but quickly regain their original stiff-
ness once the shear force is removed from the body.
Any hydrogels formed using the physical cross-linking
method can apply this mechanism.

e For macroporous hydrogels, water is pushed out of the
pores when the hydrogel is supplied through injection
using a needle and syringe, causing the hydrogel to
collapse and pass through the needle. The hydrogel
may almost quickly regain its original form in the body
once it has exited the needle and the mechanical con-
straint provided by the needle walls has been elimi-
nated. Though having many benefits, interconnected
pores may minimize drug release diffusion length and
polymer volume fraction, potentially resulting in too
quick drug release and reduced drug loading capacity.

To better demonstrate the formation of parenteral-admin-
istered hydrogels, benzydamine hydrochloride, melatonin,
and epigallocatechin gallate is loaded into chitosan-based
hydrogels in the studies conducted by Rossi et al., Chen
et al., and Kim et al. respectively [105, 108, 118].

6 Conclusion

Chitosan hydrogels have a lot of potential for use in biologi-
cal applications. The aforementioned experiments showed
that hydrogel can be formed into various drug delivery sys-
tems depending on the route of administration or the drug
molecules. Due to its exceptional qualities, hydrogel pro-
vided an effective and novel anti-inflammation approach.
Because of their high porosity, biocompatibility, biodegra-
dability, and flexibility, hydrogels are an excellent choice for
drug delivery applications. Additionally, in many particular
circumstances, such as in diabetic patients, inflammation is
more severe, which is when hydrogel might benefit greatly
from serving as a medication delivery system. As a result,
an additional study should be done to perfect hydrogel as a
delivery mechanism and make it widely used.
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