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Abstract: Hydrogel-based polymers are represented by those hydrophilic polymers having functional
groups in their chain such as amine (NH;), hydroxyl [-OH], amide (-CONH-, -CONH3), and carboxyl
[COOH]. These hydrophilic groups raise their potential to absorb fluids or aqueous solution more
than their weights. This physicochemical mechanism leads to increased hydrogel expansion and
occupation of larger volume, the process which shows in swelling behavior. With these unique
properties, their use for biomedical application has been potentially raised owing also to their
biodegradability and biocompatibility. Chitosan as a natural copolymer, presents a subject for
hydrogel structures and function. This review aimed to study the structure as well as the function of
chitosan and its hydrogel properties.

Keywords: hydrogel; chitosan; swelling behavior

1. Introduction

In recent decades, advances in the field of biomaterials has grown so much, leading to concentration
on the synthesis of alternative biocompatible materials or to improving the characters of these present
materials. Chitosan, as a mucopolysaccharide having structural characteristics similar to glycosamines,
seems to be an ideal biopolymer with a wide variety of biomedical and industrial applications [1]. It is
one of the most abundant polysaccharides on Earth and a natural cationic copolymer. Chitosan is the
alkaline deacetylated product of chitin, derived from the exoskeleton of crustaceans, insects and fungal
cell walls. Chitin consists of a sugar backbone with 3-1,4-linked glucosamine units and a high degree
of acetylation (see Figure 1; all figures have been drawn by the authors) [2]. It is also a derivative of
cellulose with the hydroxyl groups replaced by amine groups, thereby making it a polycation. Chitosan
is the major derivative of chitin, which is composed of randomly distributed N-acetyl glucosamine
and p-glucosamine, varying in composition, sequence and molecular chain length [3,4].
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Figure 1. Chitosan chemical structure.
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Many beneficial pharmacological properties have been suggested for chitosan due to its
biocompatibility, non-toxicity, biodegradability, antibacterial activity, antioxidant activity and
muco-adhesive properties [5]. Furthermore, it has been introduced extensively in the pharmaceutical
industry including the formation of tablets as a controlled release dosage form [6], a gel absorption
enhancer [7], for drug dissolution in wound-healing products and in developing micro/nanoparticles.
Chitosan is a weak polybase with a pKa around 6.5, implying that its charge density varies in the pH
range of 6-6.5. This imparts pH-responsiveness, which is beneficial for various therapeutic applications.
For this reason, chitosan-soluble and -insoluble transition occurs at pH between 6 and 6.5, which is a
convenient range for biological applications (see Figure 2).
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Figure 2. Nature of chitosan below its pKa.

The high charge density of chitosan at pH levels below the pK a results in polyelectrolyte formation,
whereas a low charge density at neutral pH contributes to its low cytotoxicity and facilitates the
intracellular release of biomolecules. It is reported that the low charge density leads to low solubility,
and aggregation. Thus, the poor stability of chitosan-based formulations depends on the type of
chitosan applied [8]. The degree of de-acetylation and molecular weight might alter the cationic
properties of chitosan by varying the positive charge density and affect its cell-dependent transfection
efficiency [4]. The cationic nature of chitosan enables the formation of polyelectrolyte complexes with
the negatively charged biomolecules, allowing for the interaction with cell membranes and more
efficient transfection.

2. Determination of De-Acetylation of Chitosan

The degree of de-acetylation of chitosan was determined by the titrimetric method. In this method,
1% chitosan solution was prepared using acetic acid that was added to phosphoric acid in the ratio
of 1:1 (v/v) and the mixture was further titrated against 0.1 M NaOH using phenolphthalein as an
indicator. The degree of de-acetylation of the chitosan can be obtained using the following formula,

Degree of deacetylation = 100 —2.303

Vo—Vo
m

where (m) represents amount of chitosan (mg) used and (V), represents difference of the 0.1 M NaOH
used between the chitosan solution and standard.

3. The Limitations of Chitosan

In therapeutic applications, chitosan limitations are caused by decreasing its solubility and by
increasing its swelling degree in aqueous environments. Consequently, this leads to rapid drug release
(i-e., chitosan is used as the continuous matrix) [9]. For instance, chitosan has often been reported with
low limitation to pass the colonic region due to its high solubility in gastric fluids, sometimes resulting
in burst release of the drug at the stomach [10]. It is well known that chitosan can be insoluble at acidic
fluids through chemical cross-linking of the microsphere with aldehydes. However, it is not effective
in preventing the release of the encapsulated drugs [11]. Additionally, several factors might affect
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chitosan-intrinsic properties including the low mechanical resistance, and there is no control for its
hydrogel pore size and toxicity of cross-linking [12].

Although many investigators have attempted to solve these limitations by performing several
fabrication methods, chitosan properties are not completely being optimized. For instance, chitosan
nanoparticles produced by the ionic gelatin method suffered from poor stability in acidic conditions
and difficulty in entrapping high molecular weight drugs [8]. Nanoparticles produced by the
micro-emulsion method have disadvantage due to usage of organic solvent, a lengthy process and
a complex washing step [13]. In recent work, Hanafy and his coworkers have reported the possible
strengthening of chitosan properties by doping with polygacalcturonic acid [14].

4. Chitosan in Nanoscience

Nanobiomaterials have been recently used to transport and release the drugs in the target site
owing to their possible degradation in the biological system. They are accustomed to switch and
handle drugs that are critical for the furtherance of human health and developing the quality of life.
In recent years, chitosan-based nanomaterials have been paid weighty attention and used in different
biomedical arenas. For example, chitosan-based nanoparticles, scaffolds, microfluidcs, lab on chip,
and organ on chip, have been established and widely used for various biomedical applications [15].

Several drugs and polyphenolsencapsulated inside chitosan moieties were synthesized such as
catechin and epigallocatechin [16], tamoxifen [17], alendronate sodium [18], insulin [19] and peptide [20].
These nanoparticles are delivered in severalapproachesincluding injection drug delivery [21], topical
drug delivery [22], colon-targeted drug delivery [23], carcinoma therapy [24] and gene delivery [25].
They are further administrated as oral delivery, injectable delivery, or in cream like form (See Table 1).

Table 1. Chitosan assembling structure and its role in drug delivery system (adapted from [10]).

Morphology The Role Chitosan Played Preparation Method Application
Chitosan-carbon dot hybrid nanogels Covalent cross-linking Photothermal—chemo therapy
pH responsive eucalyptus oil coated R .
double walled biodegradable nanogels Ton cross-linking Controlled drug delivery
Nanogels
PEGylated and fluorinated chitosan Covalent modification Targeted drug delivery
nanogel
Reversible swelling-shrinking nanogel =~ Covalent modification/cross-linking Character of de'ep fumor
penetration
Chitosan-based r]:\ i-eslieenssmve polymeric Covalent modification/self-assembly ~ Colon-targeted drug delivery
pH-responsive aerobic micelles Ton cross-linking Photodynamic therapy
. Chitosan-pluronic micelles Covalent modification/self-assembly ]?rug delivery for
Micelles glioblastoma cancer
Multifunctional nanoparticles Covalent modification/self-assembly Targete(;lh}il;l:t’;thermal
Chitosan grafted methoxy - Ocular delivery of
poly(ethylene Covalent modification/self-assembly X
hydrophobic drug
glycol)-poly(e-caprolactone)
. Biomimetic mineralization of - . -
Nanofibers carboxymethyl chitosan nanofibers Electrospinning process Improve osteogenic activity
Argmme—modlfls;irEaer:sostructured lipid Covalent modification/self-assembly Anticancer drug delivery
Glycosammogllycan modified chitosan Covalent modification Antimalarial drug delivery
iposome
Liposomes Aptamer-modified liposomal Covalent modification/other Reverse drug resistance in

complexes processing lung cancer
Gold nanoshell-coated liposomes Covalent modlflcatlgn/electrostatlc Photothermal and
adsorption chemotherapy

Glycol chitosan-coated liposomes

Covalent modification/self-assembly

pH-responsive drug-delivery
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Table 1. Cont.

Morphology The Role Chitosan Played Preparation Method Application

Magnetic nanoparticle-loaded

. AN lent modification, self- bl iRNA Deli
chitosan-deoxycholic acid nanodroplets Covalent modification, self-assembly St cHvery
. . Covalent modification/electrostatic Targeted delivery of ursolic
Smart pH-responsive nanocarrier . .
Nanosphere adsorption acid
Covalent
. P ovaient Release drug for the treatment
Thermoresponsivenanospheres modification/emulsification/solvent

. f hriti
evaporation method of osteoarthritis

Enhance oral delivery of

Uniform core-shell nanoparticles Ion crosslinking . .
insulin
N-trimethyl chitosan nanoparticles Covalent modification/self-assembly Oral dehvecr;ln"t:oertreat breast
Nano-particles
Chitosan-modified PLGA nanoparticles Ion crosslinking Tumor-targeted drug delivery
EGFR-targeted chitosan nanoparticles Covalent modification/self-assembly SiRNA delivery

Indomethacin-conjugated chitosan
oligosaccharide nanoparticle

Prodrug and tumor-targeted

Covalent modification/self-assembly drug delivery

Viable smart targeted nanoenvelope Dox encapsulated and

Covalent modification/self-assembly

delivery system targeted therapy
Multifunctional magnetic nanoparticles Covalent modification/ sonication Thermo—Chemothelﬂ‘apy
treatment Intracellular Imaging

Inorganic e e
nano-materials Combinatorial nanocarrier Covalezlrtor:scl)idnllilji?gtlon/lon Drug delivery for breast cancer
Magnetic thymlne-lmprmted chitosan Physical adsorption Gene therapy
nanoparticles
Functional hollow microspheres Covalent modification/Physical Drug delivery and targeted
constructed from MOF shells adsorption transport

5. Nanochitosan Synthesis Approaches

Many methods have been applied to fabricate chitosan-based nanogels having several service
abilities. These nanogels are auspicious as active vehicles for the different biological applications such
as drug delivery, cell culture, bioimaging and therapy.

5.1. Ionotropic Gelation

Gelation is one of the common and modest methods for fabrication of chitosan nanoparticles.
These nanoparticles can be formedby electrostatic interaction between amino group of chitosan and
cross-linking agent (tripolyphosphate; (TPP)). In this method, chitosan and cross-linking agent is
dissolved separately in acetic acid and water respectively. Then, cross-linking agent is added further to
chitosan solution (in the presence or absence of surfactants, i.e., Tween 80, Polyethylene glycol) to form
nanoparticles under mechanical stirring (see Figure 3). In this case, the amount and type of surfactants
(stabilizers) can control the size and surface charges of the nanoparticles formed [26].

—eee MliCropipette containing
Polyanion solution

Chitosan solution

Nanoparticles

Figure 3. Ionotropic gelation technique.
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5.2. Ionic Gelation Method

Chitosan nanoparticles formed by the ionic gelatin method depend mainly on the electrostatic
interaction using reversible physical cross-linkers instead of chemical cross-linkers. TPP is also used
in this method due to its non-toxicity and fast ability to form chitosan-based nanogels via its ionic
interaction with chitosan. The nanogel formed can be controlled via changing different parameters such
as weight ratio, molar ratio, temperature, time charge density of TPP/chitosan and pH. For example,
it has been reported that TPP/chitosan nanogel produced via ionic gelation could enhance the stability
and bio-viability of drugs [27].

5.3. Emulsification Solvent Diffusion Method

This technique depends on using different types of organic solvents that are partially miscible
with water. Briefly, the organic solvent is injected into an aqueous solution containing chitosan and
stabilizing agent, which leads to the formation of an oil/water (O/W) emulsion mixture. This process was
performed by using stirring followed by ultra-sonication and/or ultra-homogenization. Consequently,
the nanoparticles formed due to precipitation of stabilizing agent (i.e., polymer) arise as a result
of diffusion of organic solvent into water (see Figure 4). In general, this method is appropriate for
hydrophobic drugs and showed a high percentage of drug encapsulation. However, this approach has
some limitations including harsh reaction conditions such as presence of different organic solvents and
high shear forces, which leads to synthesis of some aggregated and agglomerated nanoparticles [28].

Organic phase

AN

(

Removing of the organic
solvent and the water

Aqueous phase Nanoparticles formation
Figure 4. Emulsification solvent diffusion method.
5.4. Spray-Drying

Spray-drying is a well-known method, and it has been used widely for fabrication of micro-particles
(i.e., powders, pellets) than nanoparticles. This method is based on atomized droplets drying in a
hot air stream. Many parameters should be controlled to get the particle size of interest, the tap size,
atomization pressure, inlet air temperature, spraying flow rate and degree of cross-linking. Briefly,
chitosan is dissolved in aqueous acetic acid solution and then the drug is dissolved in the solution
followed by adding the cross-linker. The solution is atomized in a hot air stream leading to small
droplet formation, then the solvent evaporates rapidly and free-flowing particles are formed [29].

5.5. Sieving Method

This is a simple, new and not a regular procedure to produce chitosan micro-particles. It can
then be scaled up easily [30]. Micro-particles are prepared by using a fit cross-linker to form glassy
hydrogels from chitosan solution (4% acetic acid). They are passed through a sieve method (see
Figure 5). Through using this method, clozapine (as a typical antipsychotic medication) has been
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encapsulated into moieties of chitosan gel resulting in irregular shaped microparticles, having diameter
~540-700 nm. The results pointed to a slow release of clozapine in in vivo studies.
e — \Sieve
/ N\
\

980 | cross "nker / -~ \ -
_———— @ [
‘ \ / Nanoparticles

Drug encapsulated Cross linker gel loaded with drug
in chitosan

Figure 5. Emulsification solvent diffusion method.

5.6. Reverse Micellar Method

The reverse micellar method is a mixture of water, oil and surfactant giving thermodynamically
stable reverse micelles with very important properties. Such a reverse micellar medium can be used
to give extremely fine polymeric nanoparticles with narrow size distribution, avoiding the regular
emulsion in the polymerization methods resulting in a large and broad size range of nanoparticles
(200-450 nm). As a result of the Brownian motion, the micellar droplets undergo incessant combination
subsequently with re-separation on a time between millisecond and microsecond. This condition can
exhibit a fast dynamic equilibrium preserving the size, polydispersity and thermodynamic stability of
those nanoparticles. In general, reversed micelles are prepared by dissolving the surfactant used in an
organic solvent followed by the addition of chitosan and a drug under a uniformed vortex leading to
the formation of a transparent solution. Then, a cross-linking agent is added with constant stirring
overnight. The extreme drug amount that can be dissolved in this technique differs from one drug to
another and should be determined by increasing its amount until converting the clear micro-emulsion
into a glowing solution. For example, doxorubicin—dextran encapsulated into chitosan nanoparticles
was prepared by this approach [31].

5.7. Self-Assembly

Recently, this method has been used to obtain novel materials through the different types of bonds
such as electrostatic interactions and van der Waals interactions, exhibiting versatility and simplicity [14].
Many organic and inorganic materials have been presumed to fabricate chitosan-based nanogels by
using the self-assembly method [32]. Chitosan nanoparticles produced by self-assembly can be further
functionalized, allowing them to be more suitable for biomedical applications. This condition results
in improvement of their circulation in the blood stream and increasing their targeted therapy. Peptides
and proteins can also be assembled with chitosan or its derivatives via electrostatic interactions forming
nanogels [33-35]. New, highly luminescent nanogels that were made-up by self-assembly exhibited a
support in the rapid formation of luminescent Au nanoclusters. So, the nanogelscould be saturated
with Au nanoclusters of different emission colors and different thiolate ligands, which improves the
photoluminescence properties.

6. Hydrogels

A hydrogel consists of networks matrix formedby cross-linked polymers with variable dimensions
starting from the nano to micro-scale, containing a great number of hydrophilic sets. Furthermore,
they possess a great appetite for water without being dissolved through as a result of the different
types of bonds formed among the polymer chains. While water is allowed to pass simply through the
hydrogel networks resulting in high water adsorption and swelling [36]. Upon that, polymers of a
hydrophilic property can take various water quantities more than their original weight by a million
times [37] depending on the density of the hydrophilic sets that form the polymer [38]. When it is fully
swollen, a hydrogel confers physical properties similar to those of the living tissues such as the softness
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and elasticity. This results in reduction of the interfacial tension with biological fluids and water, which
helps in minimizing the irritation of the surrounding tissues in implantation processes. Furthermore,
hydrogels can mold the shape of any space in which they are performed [39]. Their rubbery nature
and low interfacial tension between their surfaces and the biological fluids enabled them to decrease
the adsorption of proteins and cell union, minimizing the immune system’s negative response. This
makes them an excellent choice for drug delivery. Different types of polymers can be used to fabricate
the hydrogel, for example, polyethylene glycol and polyvinyl alcohol for their muco- and bio-adhesive
merits. This allows drugs to penetrate the tissues and perform its function in a good way by increasing
its residence duration [40]. A hydrogel is mechanically and compositionally similar to the extracellular
matrix that help them to be used as supporting material in addition to its usage in a drug delivery
system [41].

6.1. Synthesis of the Hydrogel

Various parameters are considered as chief constituents for the hydrogel preparation such as,
the amount of water expected to be absorbed by the hydrogel and the process of initiating the chains
of the polymeric network. Furthermore, a hydrogel is prevented from being dissolved due to the
functional groups of the polymer used during formation of the hydrogel. This assembly can be
performed in two ways: the first is by physical reversible cross-linking (e.g., hydrogen bonds) and the
second by chemical irreversible cross-linking (e.g., covalent bonds) [42]. In the hydrogel synthesis
process, the chains of the polymer used react reciprocally with solvent molecules and become fully
solvated. During this, a pulling back force is formed by the cross-linking components tocontrol the
polymer chains (Flory’s rubber elasticity theory) [43]. Moreover, the balance of the expanding and
withdrawing forces reach equilibrium at a specific temperature. The swelling feature of a hydrogel
is the main reason for being used in variable applications and the swelling ratio affects different
features of a hydrogel such as surface wet nature and the mechanical and optical properties [44].
The polymer’s molecular weight is another parameter that should be taken into consideration because
it regulates the charges present on the polymer, and the cross-linking density. Each one of these
features can outline the bonds among polymer chains. In this case, polymers with a small molecular
weight are essential at higher concentrations to give stability for the gel. Polymers with a large
molecular weight may create healthier polymers with various cross linkages [39]. The material’s
pore size and the drug hydrodynamic size are the most vital items because they may control and
regulate encapsulated drug release out of the hydrogel [45]. One of the most brilliant components to
form a hydrogel is chitosan due to its great properties including non-toxicity, bioavailability, and the
capability of being sterilized. Chitosan has a great reputation in the biological activities (e.g., medical
and biotechnologicalapplications) [46]. Chitosan hydrogel can be synthesized in countless varieties
including the shape, the size, texture, fibers, powders, and liquids [42].

6.2. Cross-Linking in Nanoparticles’ Preparation

The most interesting properties of the hydrogel are related to the choice of suitable cross-linkers,
whereas, in the presence of an agent, intermolecular links producedamong the reacting molecules
can further interact with itself and/or with large lined chains in basic media. This action generates a
new linkage among the polymer chains resulting in reduction of the interconnecting action. It also
can affect the polymers matrix if the degree of cross-linking is high, giving it an insoluble property in
different types of solvents [47].

7. Classification of Cross-Linking Agents

7.1. Physical Cross-Linking

They can be produced by their combination with the anionic molecules across hydrogen bonding
or by hydrophobic associations. The key advantage of this technique is that toxic cross linkers



Appl. Sci. 2019, 9, 2193 8of 11

are prevented, allowing the avoidance of any negative effects on the biocompatibility. In addition,
the hydrogels cross-linked by this method are self-healing. In this type, a cross-linking network
made by the association with the polysaccharides is formed with ions on the surface. The greater
the ions concentration, the more time is consumed to perform the whole cross-linking action of this
polysaccharide. Physical cross-linking produces reversible and pH sensitive nanoparticles allowing
them an advantage in controlling sensitive release stimulation. For this reason, TPP and calcium ions
can be used as ionic and inorganic cross linkers, respectively [48].

7.2. Chemical Cross-Linking

Numerous methods of chemical cross-linking can be performed including condensation and
addition reactions. In this type, produced hydrogels are mostly with uniform properties, generating
the main advantage for this type compared to the physical cross-linking type. However, great caution
should be exercised especially for biomedical applications by using chemicals that do not generate any
toxicity as much as possible. For example, polysaccharides can react with the cross linker by chemical
covalent bonds forming intermolecular or intramolecular combinations, allowing nanoparticles to
be more stable in their structure. With severe pH changes, the stiff network provides water and
bioactive components absorption without nanoparticle dissolution. This type is also affected by the
concentration of the cross linker and the cross-linking process time [49-52]. For example, on the
chemical cross-linking agents, glutaraldehyde, formaldehyde and cinnamaldehyde were used [53].

8. Conclusions

Hydrogel systems produced by using natural polymers have been recommended for bio
medical applications. In this case, chitosan is one of the natural polysaccharides containing
N-acetyl-p-glucosamine and p-glucosamine units produced by the de-acetylation of chitin. It has many
properties for biological applications owing to its non-toxicity, biocompatibility and biodegradability.
Moreover, it is a pH-sensitive polymer that readily dissolves at low pH whereas it is insoluble at high
pH. Considering these unique properties, chitosan and its derivatives have been investigated widely
as a potential polymer for hydrogel-based biomedical applications.
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