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The review introduce hydrogel, responsive hydrogel briefly, then describe the characteristics of chitin,

chitosan, and chitinous materials.

Different chitinous physical hydrogels,

chemical hydrogels,

polyelectrolytes complex, semi-interpenetrating polymer networks, blends and complex are introduced. Why
prepared different shapes of hydrogel are also introduced. The applications of chitinous hydrogels in areas of
biosensor, biocarrier, controlled release systems, absorption of heavy metal/ harmful materials, immobilized
enzyme, medical device, tissue engineering, wound dressing and the others are listed. Recently developments
in tissue engineering, microfabrication, hydrogel nanoparticles are stressed.
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1. HYDROGEL, RESPONSIVE HYDROGEL
Hydrogels are usually formed by cross-linking of
linear hydrophilic polymers to form a 3D network of
material capable of absorbing a very large amount of

water or biological fluids, yet still remaining insoluble [1].

Their hydrophilic character is due to the presence of
functional groups such as: alcohols, carboxylic acids, or
amines [2].

Hydrogels are able to provide ideal aqueous
conditions for biocompatible applications [3], particularly
atfractive as a wound dressing [4,5] matrix for enzyme
immobilization. Because, the hydrophilic
microenvironment favourable for the inclusion and the
stability of the enzymes. Dumitriu et al. [6] demonstrated
that the co-immobilization of protease and xylanase led to
a synergistic effect. Lipase immobilization into this
matrix doubles its enzymatic activity in aqueous media
[7]. Moreover, the immobilization of lipase protects the
enzyme against thermal degradation and excellent
activity is obtained at 55 °C [7] and for environmentally
sensitive bioactive materials such as proteins [8].
Crosslinks within polymeric hydrogels can be created
either chemically or physically. The use of crosslinking
agents to chemically form polymeric hydrogels may lead
to toxic side effects (owing to residual crosslinking
agents) or to unwanted reactions with drugs.
Heterogeneous polymer mixtures may also be used to
form hydrogels without the need for covalent
cross-linking [9].

The ability of polymer hydrogels to undergo a
volume transition between swollen and collapsed phases
as a function of their environment is one of the most
remarkable and universal properties of these materials.
Besides volume transition, permeability, or mechanical
strength of some polymer hydrogel can be induced by
temperature, pH, solvent composition, ionic strength,
electric field, light, stress, and the presence of specific
chemical stimuli. Polymer hydrogel possess those
capacity are categoried as smart, responsive,
stimuli-sensitive, or intelligent hydrogel can be tuned to
change their above-mentioned physical properties in
predictable and pronounced ways. Smart gels as potential

actuators, sensors, conirollable membranes for
separations, and modulators for the delivery of drugs.
Smart gels are also great potential for biomedical and
bioengineering applications: pulsatile drug release,
molecular separation processes, diagnostics, cell culture,
and bioreactions. [10]

In the design of oral delivery of acid vulnerable
drugs, pH-sensitive hydrogels have attracted increasing
attention. Swelling of such hydrogels in the stomach is
minimal and thus thé drug release is also minimal. The
extent of swelling increases as hydrogels passes down the
intestinal tract due to increase in pH. Alginate is widely
used in biomedical applications, non-toxic when given
orally [11]. Nevertheless, the swelling of the
calcium-crosslinked alginate beads at pH 7.4 was
minimal due to the relatively strong ionic interaction
between the carboxylic groups on alginate and Ca®*. This
may limit the drug release at the intestinal tract. To
overcome this problem, a complex composed of alginate
blended with a water-soluble chitosan
(N,O-carboxymethyl chitosan, NOCC) was prepared to
form microencapsulated beads. These microencapsulated
beads were used as a pH-sensitive-based controlled
release system for protein drug delivery [11}.

2. CHITIN, CHITOSAN, CHITINOUS HYDROGELS
2. 1. Chitin

It is the most abundant naturally polysaccharide
after cellulose. Chitin has low toxicity and is inert in the
gastrointestinal tract of mammals, it is biodegradable,
owing to widely distributed of chitinases in nature. Chitin
has been used to prepare affinity chromatography column
to isolate lectins. Chitin and 6-O-carboxymethylchitin
activate peritoneal macrophages in vivo, chitin suppress
the growth of tumor cells in mice, stimulate nonspecific
host resistance against Escherichia coli infection. Chitin
was used to immobilize enzymes such as a- and S
-amylases, invertase or whole cells, chitin film and fiber

" as dressing material for accelerates wound healing,

a7

controlled drug release; an excipient and drug carrier in
film, gel or powder form [12-15].
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2. 2. Chitosan

Chitosan is the N-deacetylated derivative of chitin.
Chitosan is bioabsorbable, haemostatic and bacteriostatic.
Moreover, it plays an important role in the cell regulation
and tissue regeneration. Chitosan is a nontoxic polymer
biodegradability environment friendly, biocompatible
material structural similarity to natural GAGs degradation
by chitosanase and lysozyme slowly to harmliess products
(amino sugars) that are absorbed completely in body.
Chitosan can induce desquamation of pig urothelium to
remove all diffusion barriers; Glycosaminoglycans,
membrane plaques, and tight junctions of umbrella cells.
This ability has been proven in vitro on nasal, buccal,
vaginal, and urinary bladder mucosa of different animals,
thus making this polymer a promising agent in the
development of controlled drug delivery systems.
Chitosan aqueous acid solution reacted with polyanion
aqueous  solutions  (heparin, sodium alginate,
carboxymethyl chitin, polyacrylic acid) to give
polyelectrolyte complexes. Chitosan has a primary amino
group at C2 and hydroxyl group at C6 positions, can
undergo a host of chemical reactions under mild
conditions to N-acyl, N-carboxyalkyl, N-carboxyacyl,
and O-carboxylalky (epichlorohydrin  cross-linked
O-carboxymethyl) substituted chitosan with scores of
potential uses. [2,12,13,15].

2. 3. Chitinous materials

Chitin and it’s major derivatives, with different
degrees of deacetylation and different molecular weights
chitosans and their chemically modified derivatives are
called chitinous materials [16]. As mentioned in the
beginning, hydrogels are usually formed by cross-linking
of linear hydrophilic polymers. Chitinous materials are
linear polymers with many desired physical and
biological properties. Chitinous hydrogels have been
explored in many aspects. There are couple reviews of
chitinous hydrogels in the literatures. Applications of
chitinous hydrogel in biomedical areas are promise.

3. CHITINOUS HYDROGEL
3. 1. Chitinous physical hydrogel

Physical gels are formed by various reversible links.
These can be ionic interactions as in ionically crosslinked
hydrogels and polyelectrolyte complexes or secondary
interactions as in chitosan/poly (vinylalcohol) complexed
hydrogels, grafted chitosan hydrogels and entangle
hydrogel [17, 18]. These physical gels exhibit two major
advantages: 1. the possible reversibility in the solvents
used, 2. the chemical structure of polymer chains is
preserved.  Consequently, the whole of the
physicochemical and biological properties of chitin
chains, especially the biocompatibility and the bioactivity,
are maintained [19].

3. 1. 1. N-acyl-chitosan gels by Late Prof. Hirano
N-acylchitosan gels by acylation of chitosan with
various anhydrides in aqueous alcohol acetic acid
solution [20]. N-acylchitosan gels are of interest for
various potential applications, particularly in the field of
pharmacy or biomaterials, because they exhibit good
biocompatibility and bioresorption properties. They can
also be used in chromatography as a stationary phase [21].
The influence of different parameters on their formation,

such as the nature of the acylating agent, the solvent, and
cosolvent, the concentration of the acylating agent and
chitosan content, and the temperature [22-24]

3. 1. 2. Chitosan hydrogel by Domard et al.,

The mechanism of gelation simply consisted in the
modification of the hydrophilic/hydrophobic balance
allowing the formation of both hydrophobic interactions
and hydrogen bonding. Several parameters had an
important role on this mechanism: 1. the apparent charge
density of chitosan, modified by the degree of
neutralisation, 2. the dielectric constant of the solvent,
retated to the composition of the medium, 3. the degree of
acetylation, 4. temperature, playing a role on the
interactions responsible for the physical cross-linking and
the molecular mobility, and, 5. the molecular mobility
depending on possible changes of conformation, steric
hindrance and viscosity of the medium [25}. The
influence of various parameters on gelation, such as the
temperature, the molecular weight, the initial degree of
acetylation of chitosan, the stoichiometry by means of the
molar ratio R (anhydride over free amine of chitosan),
and the nature of the solvent {21].

3. 2. Chitinous chemical hydrogels

Chemical hydrogels are formed by irreversible
covalent links, as in covalently crosslinked chitosan
hydrogel {17, 18}. The composition and the cross-linking
density are controlled to induce a precise swelling and
specific mechanical properties. The disadvantages of such
systems include the difficulty of their processing, the
presence of a significant solvent fraction, and their low
biocompatibility [2]. The use of crosslinking agents to
chemically form polymeric hydrogels may lead to toxic
side effects (owing to residual crosslinking agents) or to
unwanted reactions with drugs [11]. The most common
crosslinkers used with chitosan are dialdehyde such as
glyoxal and in particular glutaraldehyde by a Schiff base
reaction. However, these preparatory conditions are not
ideal because of the toxic nature of any remaining
reagents used for cross-linking. Genepinis, a naturally
occurring cross-linking agent which is significantly less
cytotoxic than glytaraldehyde has been used as an
alternates [26].

3. 3. Chitinous Polyelectrolyte
semi-interpenetrating  polymer network
networks), blends and composites

PEC between chitosan and natural or synthetic
polymers are cited in the literature: e.g. xanthan,
carrageenan, alginate, pectin, heparin, hyaluronan (HA) ,
sulfated cellulose, dextran sulfate, N-acylated

chitosan/chondroitin ~ sulfate, polyacrylic acid
sodium salt (PAA), carboxymethylcellulose (CMC). The
main applications of these electrostatic complexes are:
controlled release systems, encapsulation of drugs,
immobilization of enzymes, cells, and gene carriers,
anti-thrombogenic materials [12].

Semi-interpenetrating polymer network (semi-IPN)
hydrogels have been produced between chitosan:
polyethylene oxide diacrylate-cross linked by U.V.
irradiation  [27], glyoxal cross-linked chitosan:
polyethylene oxide [28] and glutaraldehyde cross-linked
chitosan combined with silk fibroin [29] or polyacrylic

complex (PEC),
(semi-IPN
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acid [30]. Heterogeneous interpolymer hydrogen bonds
are the main source of interpolymer cohesion in these
semi-IPN hydrogels {9]. v

Blends and composites systems are reported in the
literature: chitosan/polyamide 6 [31], chitosan/cellulose
fibers [32], chitosan/polyelthylene glycol [33],
chitosan/polyvinylpyrrolidone and chitosan/polyvinyl
alcohol [34].

4. SHAPES
HYDROGELS

Spheric or bead shape is the most common shapes or
forms of the hydrogel because of its stability (smallest
surface area over volume ratio) and easy to be prepared
by spray, stirring, homogenation etc. hallow fiber or tube
type hydrogel were prepared to suit the scaffolds in tissue
culture especially for never cell culture [35]. Film or
sheet type hydrogel were common used in wound
dressing or artificial skin, artificial kidney membrane
application [5, 36]. Injectable thermosensitive hydrogel
were prepared for joint treatment [37]. Some special form
for novel applications such as thermosensitive
chitosan-based hydrogel containing liposomes for the
delivery of  hydrophilic molecules [38]. A
chitosan-containing  multiparticulate  system  for
macromolecule delivery to the colon [39], increase of
saturation solubility and dissolution velocity, improving
the bioavailability of poorly soluble drug buparvaquone.
Another feature of nanosuspensions is the adhesion
properties to surfaces, e.g. mucosa [40].

OR  FORMS OF CHITINOUS

5. APPLICATIONS OF CHITINOUS HYDROGELS
5. 1. General applications

Table 1 shows chitinous hydrogel can be applied in
biosensor [41-44]; as a biocarrier [45-46]; controlled
release of drugs, insulin, growth factors etc.[39, 47-57];
adsorption of heavy metal or harmful materials [58-60];
immobilized enzymes [61-63]; applied in medicial
devices [64]; tissue engineering/ stem cell culture {25,
65-70); wound dressing [5, 71-73]; and others [74-76}.
Among these applications, recent development in tissue
engineering, microfabrication, hydrogel nanoparticle will
elaborate further more detail.

5. 2. Tissue Engineering Applications

Boucard, Viton, Agay, Mari et al. [5] reported
bi-layered physical hydrogels only constituted of chitosan
and water were processed and applied to the treatment of
full-thickness burn injuries to assess whether this material
was totally accepted by the host organism and allowed in
vivo skin reconstruction of limited area third-degree
burns. A first layer constituted of a rigid protective gel
ensured good mechanical properties and gas exchanges. A
second soft and flexible layer allowed the material to
follow the geometry of the wound and ensured a good
superficial contact. All the results showed that chitosan
materials were well tolerated and promoted a good tissue
regeneration. They induced inflammatory cells migration
and angiogenetic activity favouring a high vascularisation
of the neo-tissue. At day 22, type I and IV collagens were
synthesised under the granulation ftissue and the

formation of the dermal-epidermal junction was observed.

After 100 days, the new tissue was quite similar to a
native skin, especially by its aesthetic aspect and its great
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flexibility.

Montembault, Tahiri, Korwin-Zmijowska,
Chevalier,et al [25] reported to develop a biomaterial
formulation by combining fragments of chitosan hydrogel
with  isolated rabbit or human chondrocytes.
Morphological data showed that chondrocytes were not
penetrating the hydrogels but tightly bound to the surface
of the fragments and spontaneously formed aggregates of
combined cell/chitosan. A significant amount of
neoformed cartilage-like extracellular matrix (ECM) was
first accumulated in-between cells and hydrogel
fragments and furthermore was widely distributed within
the neo-construct. Results showed that a chitosan
hydrogel does not work as a scaffold, but could be
considered as a decoy of cartilage ECM components, thus
favoring the binding of chondrocytes to chitosan. Such a
biological response could be described by the concept of
reverse encapsulation.

Freier, Montenegro, Koh, Shoichet [35] reported
chitin and chitosan supported adhesion and differentiation
of primary chick dorsal root ganglion neurons in vitro.
Chitosan films showed significantly enhanced neurite
outgrowth relative to chitin films, reflecting the
dependence of nerve cell affinity on the amine content in
the polysaccharide: neurites extended 1794.7 + 392.0
pm/mm? on chitosan films vs. 140.5 + 41.6 pm/mm? on
chitin films after 2 days of culture. This implies that cell
adhesion and neurite extension can be adjusted by amine
content, which is important for tissue engineering in the
nervous system.

Sechriest, Miao, Niyibizi, Westerhausen—Larson [77]
reported the quality of articular cartilage engineered
using a cell-polymer construct depends, in part, on the
chemical composition of the biomaterial and whether that
biomaterial can support the chondrocytic phenotype. The
combined chondroitin sulfate-A (CSA) and chitosan to
develop a novel biomaterial to support chondrogenesis
and form discrete, focal adhesions to the material and
maintain many characteristics of the differentiated
chondrocytic phenotype, including round morphology,
limited mitosis, collagen type I, and proteoglycan
production. The results suggest CSA—chitosan may be
well suited as a carrier material for the transplant of
autologous chondrocytes or as a scaffold for the tissue
engineering of cartilage-like tissue

Dang, Sun, Shin-Ya, Sieber et al. [78] reported
temperature-responsive polymers was evaluated the
potential of hydroxybutyl chitosan (HBC) as a
biomaterial for the culture of human mesenchymal stem
cells (hMSC) and cells derived from the intervertebral
disk, with the eventual goal of using the HBC polymer as
an injectable matrix/cell therapeutic. Formulations of
HBC gels presented in this study have gelation
temperatures ranging from 13.0 to 34.6 °C and water
contents of 67 — 95%. Minimal cytotoxicity in MSC and
disk cell cultures was observed with these polymers up to
a concentration of 5 wt%. Detection of metabolic activity,
genetic analysis of synthesized mRNA, and histological
staining of MSC and disk cell cultures in these gels
collectively indicate cell proliferation without a loss in
metabolic activity and extracellular matrix production.
This study suggests the potential of HBC gel as an
injectable carrier for future applications of delivering
therapeutics to encourage a biologically relevant
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reconstruction of the degenerated disk.

5. 3. Microfabrication

Fukuda, Khademhosseini, Yeo, Yang, et al. [74]
reported a novel method for preparing a spheroid
microarray on microfabricated hydrogels for alone or in
co-cultures. Cells were initially microarrayed within low
shear stress regions of microwells. Human
hepatoblastoma cells, Hep G2, seeded in these wells
formed spheroids with controlled sizes and shapes and
stably secreted albumin during the culture period. The
change of cell adhesive properties in the chitosan surface
facilitated the adhesion and growth of a second cell type,
NIH-3T3 fibroblast, and therefore enabled co-cultures of
hepatocyte spheroids and fibroblast monolayers. This
co~culture system could be a useful platform for studying
heterotypic cell—cell interactions, for drug screening, and
for developing implantable bioartificial organs.

Karp, Yeo, Geng, Cannizarro et al. [79] reported a
simple and rapid system for creation of patterned cell
culture substrates via (1) printing a mask on a standard
overhead transparency, (2) coating a thin layer of a
photocrosslinkable chitosan on a slide, (3) exposing the
slide and mask to ultraviolet (UV) light, and (4) rinsing
the uncrosslinked polymer to expose the underlying
cell-repellent patterns. Patterns of various shapes (lanes,
squares, triangles, circles) were created on glass and
tissue culture polystyrene. The pattern size could be
varied with a mm resolution using a single mask and
varying UV exposure time. Cardiac fibroblasts formed
stable patterns for up to 18 days in culture.
Cardiomyocytes, patterned in lanes 68-99 mm wide,
exhibited expression of cardiac Troponin I, well
developed contractile apparatus and they contracted
synchronously in response to electrical field stimulation.
Osteoblasts (SAOS-2) localized in the exposed glass
regions (squares, triangles, or circles; 0.063~0.5mm2).
They proliferated to confluence in 5 days, expressed
alkaline phosphatase and produced a mineralized matrix.

Khalil and Sun [80] report the recent research on
development of a novel multi-nozzle biopolymer
deposition system for freeform fabrication of
biopolymer-based tissue scaffolds and cell-embedded
tissue constructs. The process of the biopolymer
deposition is conducted in a biocompatible environment
which allows the construction of scaffolds with bioactive
compounds and living cells. The system configuration
and the process for fabrication of bioactive scaffolds
through the biopolymer depositions systems under
different nozzle systems were described. The deposition
feasibility and 3D structural formability of alginate-based
tissue scaffolds was reported. A semi-empirical model,
developed based on the Poiseulle's equation for
non-Newtonian fluids to predict the deposition flow rate
and the deposition geometry, along with comparison of
experimental data also presented. Deposition of cell
embedded tissue scaffold as well as the cell viability was
introduced. The effect of the process parameters on the
structural, mechanical and cellular tissue engineering
properties for freeform fabricated 3D alginate tissue
scaffolds was presented.

5. 4. HYDROGEL NANOPARTICLES
5.4. 1. Pros and Cons on the Nanocarriers [81]

Nanocarriers overcome the resistance offered by the
physiological barriers in the body because efficient
delivery of drugs to various parts of the body is directly
affected by particle size. Nanocarriers aid in efficient
drug delivery to improve aqueous solubility of poorly
soluble drugs [82, 83] that enhance bioavailability [84]
for timed release of drug molecules, and precise drug
targeting [85]. The surface properties of nanocarriers can
be modified for targeted drug delivery [85-87] for e.g.
small molecules, proteins, peptides, and nucleic acids
loaded nanoparticles are not recognized by immune
system and efficiently targeted to particular tissue types
[88].

Targeted nano drug carriers reduce drug toxicity and
provide more efficient drug distribution [89].
Nanocarriers holds promise to deliver biotech drugs over
various anatomic extremities of body such as blood brain
barrier, branching pathways of the pulmonary system,
and the tight epithelial junctions of the skin etc.
Nanocarriers better penetrate tumors due to their leaky
constitution, containing pores ranging from 100-1000 nm
in diameter.

However, nanocarriers exhibit difficulty in handling,
storage, and administration because of susceptibility to
aggregation. It has unsuitability for less potent drugs. Its
small size can gain access to unintended environments
with harmful consequences, e.g. it can cross the nuclear
envelope of a cell and cause unintended genetic damage
and mutations [90].

Nanoparticles have a special role in targeted drug
delivery in the sense that they have all the advantages of
liposomes including the particle size, but unlike
liposomes, nanoparticles have a long shelf life and can
usually entrap more drugs than liposomes [91].
Nanoparticles made of hydrophobic polymers are usually
taken up by RES and have short residence time in blood
[92]. The hydrophilic nanoparticles can evade RES and
remain in circulation for a couple of hours without PEG
conjugation on the particle surface. Such systems should
allow the control of the rate of drug administration that
prolongs the duration of the therapeutic effect, as well as
the targeting of the drug to specific sites. These hydrogel
polymers can have reactive groups on the surface which
enable the nanoparticles to be converted to stimuli
responsive particles and they can also be made targetable
by attaching receptor specific ligands or utilizing its
mucoadhesive properties to transport drugs and DNA
across mucosal surfaces [93, 94].

Tsai et al. [95] reported the cavitation effects versus
stretch effects resulted in different size and polydispersity
of ionotropic gelation chitosan—sodium tripolyphosphate
nanoparticle. The particle size and reduction rate of
ionotropic gelation chitosan— TPP can be manipulated by
varying different mechanical energy of ultrasonic
radiation or mechanical shearing. Effects of solution
temperature on resulted nanoparticle size by ultrasonic
treatment or by mechanical shearing were different. The
higher the solution temperature, the lower the solution
viscosity that facilitates the sporadic cavitation effect
exerted on the chitosan molecules producing smaller
molecular weight fragments than that produced by
stretching effects. Mean diameter of nanoparticles
decreased with increasing solution temperature in
ultrasonic radiation samples.
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SUMMARY

Hydrogel is a dynanic, multidiscipline science,
chitinous materials can be an important material to apply
in various fields such as tissue engineering, nanoparticles,
Chitinous materials are the 2nd most abundant
biodegradable, renewable, naturally polysaccharide. They
are biodegradable, bioabsorbable, biocompatibility,
furthermore, having a primary amino group at C2 and
hydroxyl group at C6 positions, chitosan undergoes a
host of chemical reactions under mild conditions. Many
methods to prepare hydrogel chemical, physical, PEC
complex, semi-IPN, photo, thermal, Can be prepared in
different shapes such as bead, sheet, film, tube,
* nanoparticle, etc. to suit the applications. Numberous
biomedical application such as DDS, wound healing,
New front fields methods and application such as
biosensor, microfabrication are developing.
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Table 1. Applications of chitinous hydrogels
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Applied in biosensor

MnO, nanoparticles modified electrodes to H,0, [41]
hydrogel for biosensor [42]

oxidase-gold nanoparticles biocomposite [43]
intravenous amperometric biosensor [44]

As a carrier
as DNA carrier [45]
as an osteoblast carrier [46]

Controlled release

macromolecule delivery to the colon [39]

prolonged delivery of diclofenac sodium [47]
injectable carrier for local drug delivery [48]
iontophoresis drug delivery to the eye [49]

releases of FGF-2 and paclitaxel for wound repair [50]
drug delivery carrier to control angiogenesis [51]
retention and release behavior of insulin [52]
hydroxyapatite nanoparticles on ibuprofen release [53]
protein drug delivery system [54]

controlled release of 5-fluorouracil [55]

transdermal delivery of berberine [56]

controlled release of alpha-hydroxy acid [57]
adsorption of heavy metal or harmful materials
enhanced Metal Adsorption [58]

adsorption of Cr(VI) [59]

adsorption of lead and humic acid [60]

Immobilized enzymes

immobilized neutral protease [61]

horseradish peroxidase immobilization through gold
nanoparticles [62]

recognize Hb, by molecularly imprinted method [63]

Applied in medical devices

inhibition of vascular prosthetic graft infection [64]
Tissue engineering /Stem cell culture

application to cartilage tissue engineering [25]

for neural tissue engineering [65]

cartilaginous neo-tissue capable of being grafted/Method for
preparing a cartilaginous neo-tissue [66]

hydrogel nerve conduits [67]

culturing of mouse embryonic stem cells [68]

cell adhesion and proliferation [69]

for adipose tissue engineering [70]

Wound dressing

as a wound dressing and a biological adhesive [71]

adhesive and dressing in autologous skin grafts [72]
Immobilized thrombin receptor accelerates wound healing [73]
skin regeneration following third-degree burns [5]

Others

for spheroid microarray and co-cultures. [74]
attachment and growth of cultured fibroblast cells [75]
fibroblast growth factor-2 protection [76]
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