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2. Review of Literature

In this chapter, early work reported on the synithasd characterization of hydrogels is
discussed. Additionally, different types of approes used to develop hydrogels are also
discussed. The primary focus of this chapter isighlight the hydrogel history, critical
discoveries, physical and chemical methods ussgrtthesize hydrogel. The significant
drawbacks of physical hydrogels and problems aasatiwith Chitosan are also
discussed. Based on this critical review aim arjdative of the current thesis have been

formulated.

The first work on the hydrogel has been reportetMishterle and Lim in 1960 with the
crosslinking polymer based on copolymerization ehy®Broxyethyl methacrylate

(HEMA) and ethylene dimethacrylate (EDMA)[22].

Refojo (1965) showed that Glyceryl methacrylategolabydrogel could be used for
ophthalmic applications. They found a linear relaship between water content and the

refractive index of the hydrogel [23].

Merrill et al. (1970) has synthesized Polyvinyl @iol-heparin hydrogel using
glutaraldehyde as a crosslinker for their poteraglication as diffusion membrane in

hemodialysis[24].

Voldbich et al. (1975) developed Poly (glycol Moretimacrylate) based hydrogel for
plastic operation of the nose. These hydrogels baea used in humans to fix L-shaped

grafts during plastic surgery of the nose [25].

Peppas et al. (1980) formulated glutaraldehydestirded Polyvinyl alcohol hydrogel.
These specific hydrogels have been tested asimgpettaterial for the treatment of vocal

cords [26].
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Beekhuis et al. (1985) studied hydration stabiityntracorneal hydrogel implanted in
the corneal stroma. They observed that hydrogehbawvater content up to 69.5% are

stable in the corneal environment[27].

Shalaby et al. (1990) have developed hydrogel usiMinyl-2- Pyrrolidone as monomer
and functionalized albumin as a crosslinker fortgasdrug delivery system. The

developed hydrogels were degradable in the pres#ribe pepsin enzyme [28].

Cascone et al. (1995) demonstrated growth hormetieedy using a blend of natural
polymer and synthetic polymer. They have used Huwailig acid/ Poly(acrylic) sponge,
Collagen /Polyvinyl alcohol hydrogel, and Hyaluiacid / Polyvinyl alcohol hydrogel

as a matrix to deliver growth hormone [29].

Risbud et al. (2000) reported hydrogel compositetian Polyacrylamide and Chitosan
using N, N methylene bisacrylamide. They have destrated the potential of these

hydrogels as a drug delivery matrix for the deljvef amoxicillin[30].

Tripodo et al. (2005) synthesized based on Inutin gH-responsive drug delivery.
During the synthesis, the Inulin derivative was pared by reacting Inulin with

methacrylic anhydride. The Inulin- methacrylic adhgle derivative was further treated
with UV to get crosslinked network. A model drdguprofen was loaded into these

hydrogels, and its release profile was studied.[31]

Dadsetan et al. (2010) developed stimulus-sengitagatively charged hydrogel based
on Oligo (poly (ethylene glycol) fumarate) and SodiMethacrylate. These hydrogels
were sensitive to both pH and ion. They have usedéveloped hydrogel for the delivery
of doxorubicin. Drug delivery from these hydrogelscurs through an ion-exchange

mechanism [32].
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Lu et al. (2015) have demonstrated the potentialydfogel for cell encapsulation. They
have synthesized hydrogel composed of Chondrotilfate® multiple aldehydes and N-
Succinyl Chitosan. To perform a cell encapsulasardy, they have loaded Hela cells

into these hydrogels. These hydrogels are resigianechanical damage [33].

Hydrogels based on synthetic polymer and naturbinpers have been used for soft
contact lens, drug delivery systems, tissue engimgeimplants and wound dressing
applications. These materials are preferred fortrobed drug delivery applications,
because it shows some astonishing properties sutht@ocompatibility with soft tissue,
and uniform distribution of drug in the hydrogeltnta Beside this, we can control the
physical and chemical behaviour of hydrogel netw&#&cent research on hydrogel has
inclined to develop more biocompatible and nondoxnaterials for various
bioengineering applications [22Hydrogel can be defined as a three dimensional
crosslinked polymer network having hydrophilic canpnts and resists dissolution in
water[34].Hydrogel network can be developed by ezitiphysical crosslinking or
chemical crosslinking. Sometimes, both physicasslioking and chemical crosslinking
technigues are used simultaneously to develop kygtliroetwork. Their mechanical
strength depends on various factors such as netmorkhology, chemical nature and

equilibrium swollen state [35].

Hydrogels can be developed by either natural potyonesynthetic polymer. Synthetic
polymers are preferred to develop hydrogel witlpeesto natural polymer due to its low
cost and versatility[36].Among natural polymers,itGfan is a copolymer composed of
N-acetyl-D-glucosamine and D-glucosamine. It isduced by alkaline deacetylation of
chitin. Chitosan shows some drawbacks such as pmwile strength, and water
insolubility [37].Chitosan lactate is water soluldlerivative of chitosan [38]. Polyvinyl

alcohol is a synthetic polymer and has been widebted for various biomedical
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applications such as artificial skin, artificialrtkage, wound dressing and drug delivery
matrices due to its astonishing properties such nachanical property and
biocompatibility[39]. Therefore, chitosan lactatedapolyvinyl alcohol-based hydrogel
composite will enable the formation of new matewdich is water-insoluble as well as
mechanically robust, viscoelastic, and biocompatdd well.

2.1 Development and characterization of physically crosslinked hydrogel

Cascone et al. have reported the synthesis of Rdlyl alcohol) based physical
hydrogel using freezing thawing method. The majoppse of this work was to develop
hydrogel based ‘Polymeric hybrid tissue’. To depetlois hydrogel, they have used two
kinds of solvents namely culture media and watessi@e this, in order to achieve
polymeric hybrid tissue, hydrogels were loaded Bifl3 cells (mouse fibroblast cell line)
and human umbilical vein endothelial cell. In orderknow cell adhesion potential of
these hydrogels, these hydrogels were seeded WBhC&Il line and human umbilical
vein endothelial cell. But the major problem ofdbdrydrogels is poor cell adhesion and

cell growth over its surface[40].

Vrana et al. developed polyvinyl alcohol/ Chitodaydrogel by the physical method
using the freeze-thaw technique. They have stutliedmpact of the freeze-thaw cycle
on developed hydrogel on cell behavior. They hahseosed significant improvement in
developed hydrogel properties such as protein atlsar wettability, surface texture

upon changing freeze-thaw cycles[41].

Using the freeze- thaw method, Mathew et al. regubrhydrogel composite from
Polyvinyl alcohol (PVA) and Chitosan (water-solubl@hey have studied various
properties of these hydrogels by scanning electrmnoscopy and mechanical property.

In this method, the freeze thaw method crosslirday PVA, not Chitosan. To crosslink
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Chitosan, PVA Chitosan membrane were further dippedterile coagulation bath
(containing 70 gram KOH, 1-liter water, and 2N&Qy). This makes synthesis process
more complex. Besides, hydrogels prepared by tehod displayed poor mechanical

strength[42].

Guanghua et al. developed PVA/ Chitosan hydroge¢hbyphysical method through the
freezing-thawing method. The swelling study of thds/drogels was performed in
simulated intestinal and gastric fluid. The goodecibility of PVA and Chitosan was

confirmed by FTIR, SEM, and DSC techniques [43].

Pei et al. synthesized composite hydrogel from P&Aitosan, and alginate hydrogel.
The developed hydrogel has displayed excellentt ligansmittance, higher water
transmission. In addition to this, they have loadeddazole, and its release was studied.
Based on these characterizations, they have seghstt these hydrogels may be used

as wound dressing material [44].

Tang et al. proposed the development and charaatem of temperature sensitive
PVA/Chitosan/ hydroxyapatite hydrogel to facilitageotein delivery. The synthesis of
the hydrogel was carried out usimgitu andex situ routes. The hydrogel exhibited lower
crystallinity, partial substitution by carbonatedagimilar structural properties as that of
biological appetites. The rheological analysis ®sfegd enhanced strength of thesitu
synthesized hydrogel as compared to pure chitos@n/Bel. Comparison of the
efficacies of the hydrogels containing differentgemtage of hydroxyapatite revealed
that the hydrogel containing 0.1 mM hydroxyapatitepared usingh situ procedure had
lowest degree of swelling and slowest releaseohf#otein. Based on the results, the
authors suggested that the developed hydrogels bearsuitable candidates for

applications like protein delivery, artificial bomeand tissue engineering. Since the
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composite hydrogels were developed by PVA, Chit@sahhydroxyapatite, the resultant
hydrogels will be non-homogenous in nature. Bute da the inorganic nature of

hydroxyapatite, these hydrogels are not suitablédfoical drug delivery[45].

Bahrami et al. developed hydrogel by blending PViAd eChitosan, followed by

crosslinking with glutaraldehyde. Mechanical studyvealed that crosslinking has
improved the tensile strength of hydrogel. But,nglation of the hydrogel has been
reduced due to crosslinking. Contact angle measmerfor all the samples were
performed in dry state and wet state. All the saspkhibited lower contact angle in wet
state with respect to dry state. Water uptake studf all the samples were performed.
Water uptake study revealed that, water uptakeystwieases with increase in the PVA
concentration. Beside this, Crosslinking reduceel water uptake capacity of these
samples. The developed PVA Chitosan-based hydreggls to dip into 1 N NaOH and
Saturated Ng&5Oy to separate residual chemicals, followed by waghkith deionized

water to separate unreacted chemicals, alkali [46].

Levic et al. synthesized PVA / SA cross-linked ekze-thaw method for encapsulating
d- limonene. This network is further treated wiethatum to induce ionic interaction. But
these hydrogels can be used for food processingopar Limonene was encapsulated
into physical hydrogel composed of sodium algirsateé Polyvinyl alcohol. The purpose
of encapsulation is to protect the aroma of lim@neddut at a low concentration of
limonene (1% w/w), no leakage of aroma was found,ab a higher concentration (5%
and 10% wi/w), leakage of aroma was observed. §titsei major problem observed with
these hydrogel composites.[47].

Yang et al. developed polymeric membrane from PYiA @hitosan by using radiation
techniques. These polymeric membranes were fustligected to freezing-thawing. The

effect of both techniques was observed in the glogsiemical properties of a hydrogel,
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such as enhanced swelling behavior and improvedmtile property concerning

membrane developed by the freeze-thawed hydropelsd hydrogels have also shown
improved properties concerning hydrogel preparedrbgze-thawed and subsequent
irradiation. They have also demonstrated that hyelranembranes prepared from
irradiation alone are not suitable for wound dregsiue to their insufficient mechanical
property. Apart from this, the PVA / Chitosan hygebprepared by freeze-thaw followed
by irradiation exhibited antibacterial property mga E Coli bacteria as a function of

Chitosan concentration [48].

In 1999, Cascone first reported the composite lgelrfsom PVA and Chitosan by using
the freezing-thawing technique. They have also logesl hydrogel composite from
Polyvinyl alcohol and water-soluble Chitosan. Thaiation in thermal behavior and
morphology of developed hydrogel were studied bgnging the concentration of
Chitosan. Based on the obtained result, they axgththe formation of a less regular
structure of composite hydrogel membrane with tise i Chitosan concentration.

Therefore, the obtained hydrogel matrix was momop® [49].

Kim et al. reported the development of PVA and sodialginate loaded with
nitrofurazone for wound healing applications. Tealep these hydrogels, they have used
the freeze-thawing method. Based on the obtairedtréhey have shown that with the
increase in the concentration of sodium alginaterhal stability, elasticity, and swelling
capacity of composite hydrogel were improved. Betthave observed a decrease in the
mechanical property of composite hydrogel with therease in the concentration of

sodium alginate [50].

Hwang et al. synthesized hydrogel composite fromARYd dextran. To develop these

hydrogels, they have used the freeze-thawing mefthoel variation in physicochemical
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of these hydrogels was studied with the changberatnount of dextran. But due to the
addition of dextran, the mechanical strength aedntial stability of composite hydrogel
have reduced. With the increase of dextran, somée@fhydrogel properties have
improved, such as elastic behavior, water vaparstrassion, swelling capacity, and
porosity. This enhancement was observed due toaease in hydrophilic behavior and
miscibility of dextran with polyvinyl alcohol. Furer, the wound healing potential of
polyvinyl alcohol/ dextran hydrogel loaded with ¢ggmicin was evaluated with respect
to polyvinyl alcohol/ dextran hydrogel without drué significant improvement in

wound healing was observed with drug-loaded congdsidrogel [51].

Peppas et al. reported PVA crosslinked hydrogehbyfreezing-thawing method. They
developed semicrystalline PVA gel by subjectinghiag-thawing to PVA solution. The
obtained network was due to the induction of ciifsgan polymer chains of Polyvinyl

alcohol [52].

Ma et al. developed physical hydrogel using the vabapproach based on
Polyvinylpyrrolidone / PVA as an implant material fcartilage replacement. Due to its
three-dimensional network and water content, hyelogxhibit natural tissue-like
properties. The mechanical property and triboldgizaperty of these hydrogels were
evaluated. The high mechanical strength of theskdggels was observed due to the
formation of the hydrogen bond. Therefore, it bedsalke viscoelastic material similar
to native cartilage. Although the developed hydlegee suitable materials for cartilage
replacement based on their viscoelastic behaviar evefficient of friction, their
attachment with host tissue has not been evallzgd|

Takamura et al. developed PVA based drug-releanstgx by the freeze-thaw method.
They have evaluated the impact of drug release #d#A hydrogel with pluronic L -62

or sodium alginate. The physical strength of tHeg#rogels was evaluated. It has been

School of Biomedical Engineering, IIT (BHU) Varanas Page 20



Chapter 2 Literature Review

observed that the physical strength of these hydsomcreases with the addition of
sodium alginate. But drug release behavior redudtssthe addition of sodium alginate

to the composite hydrogel [54].

Sung et al. reported a hydrogel system based on BN@ Chitosan loaded with
minocycline. To induce cross-linking in these hyghts, the freeze thaw method was
used. Due to the incorporation of Chitosan, poypsiater vapor transmission rate,
swelling capacity, and elasticity of composite logkl have increased. PVA/Chitosan
hydrogel has displayed its potential as better wladnessing material concerning gauze
(control).Composite hydrogels were developed bgdiley PVA and Chitosan. Hydrogel
devoid of Chitosan has displayed higher strength veispect to the composite hydrogel.
But the incorporation of Chitosan into compositéiogel resulted in a decrease in the
strength of hydrogel. [55]

Huang et al. reported a new approach to develomjmdduessing material from PVA and
glucan without using a crosslinker. They developgdrogel by blending both polymers
and dried at 116C. Since there was no formation of a covalent Hugttveen Polyvinyl
alcohol and glucan in film, it can quickly releagecan and facilitate healing. The major
drawback associated with these hydrogels is thagteer amount of glucan may result in
delayed wound healing. Besides this, the tengiémgth of the membrane decreases with
an increase in the concentration of glucan in tmagosite membrane[56].

Hassan et al. synthesized PVA-based physical hgflraging the freezing-thawing
method. The morphological changes of these hydsogelre studied for a 6-month
duration upon subjecting to swelling at %7. During the synthesis of these hydrogels,
various parameters were considered, such as matagaight of PVA, the concentration
of the solution, and the freezing-thawing cycle.odpchanging the freezing-thawing

cycle, variation in crystallite in the resultantl ggas observed. A higher initial
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concentration of PVA induces higher crystallinityda aqueous stability. Higher

molecular weight PVA produced thicker crystals [57]

Ricciardi et al. evaluated the mechanical propefty?VA hydrogel prepared by the
freeze-thawing method. During this study, two typesamples were used, 2-month-old
samples and rehydrated samples. The change inelastic behavior of these hydrogel
samples was studied. Based on the result, it wesrebd that gel stiffness decreases due

to aging and rehydration of samples [58].

Liu et al. developed physical hydrogel by blendifgA with three different polymers as
gelatin, starch, and Chitosan. They have used ppooaches synergistically, freezing-
thawing and coagulation synergistically, to syntbeshydrogel. Further, various
physicochemical properties such as swelling, machgrand degradation behavior of
these hydrogels were studied. The degradation stfidiiese hydrogels in PBS has
displayed improvement towards degradation. Thisucdue to the coagulation of
polymeric chains of the hydrogel. Protein adsorptid these hydrogels was studied.
Vascular endothelial cells were proliferated corhpresively over these hydrogels.
Difficulty in performing cell culture study of theshydrogels was observed due to the
less stable network of the hydrogel. The easy diagi@n of hydrogel results in a change
of pH of culture media. Therefore low adhesionalfxcwas observed with hydrogels[59].
Liu et al. also developed physical hydrogel by diag PVA and gelatin by freeze-thaw
followed by coagulation. In this work, they alsoakiated the differential scanning
calorimetry and dynamic mechanical, thermal analgéithese hydrogels. In this study,
they explored the role of polymer fraction in rhegp) and the tensile behaviour of
hydrogel. By observing the result, it has been fgoirout that the thermal property of
PVA remains unaffected with the addition of gelafiherefore, it can be stated that PVA

crystallites remain unaffected with the additiong#fatin. The crystallinity, melting
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temperature, ultimate strength and glass transitemperature of these hydrogels
increases with increasing thermal cycles. Upon gladign, the glass transition
temperature of these hydrogel reduces. But upomutaion of these freeze-thaw

hydrogels, reduction in crystallinity of these hygel composite was observed [60].

Guan et al. synthesized physical hydrogel from P\Whjtin nanowhisker and
hemicelluloses using the freezing-thawing procéssthis hydrogel system, all the
polymers were held together by intermolecular hgdrobonding. The hydrogel network
matrix was made mainly from PVA and hemicellulosEsis matrix also possesses a
homogeneously distributed chitin nanowhisker. Doethie incorporation of these
nanowhiskers into the matrix, thermal stabilitygoee of crystallinity, and compressive
strength has improved. SEM study of these hydrogelsibited irregular raptured

lamellar structure. Therefore, it may hinder trangport of molecules through it [61].

Amin et al. developed physical hydrogel based oARXd Chitosan. They have utilized
the freeze-thaw technique to develop these hydsodéley have loaded bee venom to
these hydrogels, and its pharmacological actigtych as wound healing capacity, was
evaluated. The in vivo study performed on diabetichas confirmed that the bee venom
loaded hydrogel has accelerated wound healing.aftienflammatory activity of such
hydrogels was evaluated. Besides this, a Skimirmn test and microbial penetration test
were also performed. The swelling ratio, tensileperty, surface pH and gel fraction of
these hydrogels were evaluated. The Chitosan ngbisiwound dressing formulation is
not soluble in water. The major problem of devetbpgdrogel formulations is highly
acidic. These formulations may cause skin irritagiol herefore, this formulation can be

used after neutralization[62].
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Kamoun et al. synthesized physical hydrogel basegd\0A and sodium alginate through
the freeze-thawing method. To develop hydrogelsgags solutions of both polymers
were used and mixed in a specific ratio. The gattfon, water uptake, elasticity and
elongation at break of these hydrogels were evadliledBEM study of PVA hydrogel
without sodium alginate displayed a smooth surfatih the addition of sodium
alginate, PVA based composite hydrogel displayeg pores on their surface. The
number of pores in these hydrogel increases witheasing sodium alginate into the
composite hydrogel. The release study of ampidilbm these hydrogels was performed.
Besides this, the mechanical property, protein gdtem, hemocompatibility of these
hydrogels was evaluated. The elongation at bredktemsile strength of PVA-Sodium
alginate membrane decreases with a rise in theectration of sodium alginate in the
hydrogel membrane [63].

Mohsen et al. developed PVA / Chitosan-based hyrfoy the delivery of antibiotic.
They have synthesized these hydrogels by freehagihg cycle, without using any
crosslinking agent. Besides this, all the polymessd to develop these hydrogels do not
exhibit toxicity and carcinogenic effect. Therefoie can be considered a suitable
material for biomedical use. They have loaded $patin as a model drug, and its
release profile was studied. The assessment ajusaphysicochemical properties such
as gel fraction, in vitro degradation, swelling aapy, and mechanical properties of these
hydrogels was performed. The antimicrobial studghese composite hydrogels revealed
that antibacterial activity is due to the preseateositively charged Chitosan. PVA /
Chitosan have displayed antibacterial activity agaiboth gram-positive (Bacillus
Subtilis, Staphylococcus aureus) and gram-neghtieeeria (Escherichia coli, Klebsiella
pneumonia and Pseudomonas areuginosa). From gadudien study of these hydrogels,

it can be concluded that dissolution of these hygel® increases with an increase in
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Chitosan in the PVA- chitosan hydrogel. This resaltfirms that the developed hydrogel
has crosslinking with PVA molecules only. It magpdeto the poor mechanical strength
of the hydrogel[64].

2.2 Disadvantages of physical hydrogels

The most critical issue of these physical hydrogeltheir stability during prolonged
biomedical and pharmaceutical application. Therefdr is essential to evaluate the
stability of these physical hydrogels before loagrt applications. The most common
problems associated with these hydrogels includeadiation of PVA chains, melting of
crystallites, generation of additional crystallitesth time. These shortcomings may

change the properties of physical hydrogels[65].

2.3 Development and characterization of chemically crosslinked hydrogel

Dimitrov et al. developed polyacrylic hydrogel blgetnical crosslinking using macro
diisocyanates as crosslinker. The drug release thmse hydrogels was studied. From
the result, it has been confirmed that drug reldamsa these hydrogels depends on the
pH of the medium. The chemical structure of MDI elegls on the reactants (nature of
diol) used to prepare MDI. Besides this, the qugmai MDI influences the rate of drug

release from the hydrogel network [66].

Das et al. developed a biodegradable hydrogel csitgpvom dextrin and polyacrylic
acid using N, Nmethylene bis (acrylamide) as a crosslinking agé&he reversible
nature of these hydrogels was confirmed by swelimg) deswelling kinetics. Ornidazole
and ciprofloxacin were used as a model drug tooperidrug release studies from these
hydrogels. In vitro biocompatibility of these hydels was evaluated by human

mesenchymal stem cells. Biodegradation of theseolggds was performed in buffer (pH
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7) containing lysozyme enzyme. Although, the depetbhydrogels have displayed their

porous nature. But the size of pores present ilnydeogel is not uniform in size[67].

Vercruysse et al. prepared hyaluronic acid crokstirhydrogel network using polyvalent
hydrazide as a crosslinker. In this study, theyelgynthesized polyvalent hydrazide and
characterized it. Although hydrogels have been ldgesl using hyaluronic acid, they

have not presented any biocompatibility assay twkits interaction with host tissue[68].

Bektas et al. reported the synthesis of metha@aydgiatin hydrogel by crosslinking
through UV exposure. These hydrogels were found asitable substitute for cornea
stroma damage. These hydrogels have presented spewic features, such as
transparency and high mechanical strength. Besitey, also exhibited high cell
viability after incubation with human corneal kerajte. In vivo, the behaviour of these
hydrogels was also tested in the rabbit eye. Thevim study of these hydrogels has not
produced any ulcer formation, inflammation and @edén the transplanted region of the
cornea. The integration of these hydrogels witmeal tissue was evaluated through the
hematoxylin and eosin method. This assay revealed mtegration with tissue with less
foreign body reaction. Immunohistochemical analydisleveloped hydrogels needs to

be conducted to know its acceptance as a cororsitse[69].

Nagahama et al. reported the development of Cmtgskatin membrane. The excellent
compatibility between these two polymers was coméid by the XRD study. The
decrease in crystallinity of the Chitosan membnaiik the addition of gelatin indicated
the amorphous behaviour of gelatin. They represktitat the thermal stability of the
gelatin-chitosan membrane is less concerning thieo€dn membrane. The difference in
thermal stability is attributed to the amorphouddeour of gelatin. Cell adhesion

evaluation of these hydrogels was performed usi@®3 osteoblast cell [70].
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Singh et al. prepared transparent Chitosan hydugjef) formaldehyde as a crosslinker.
These hydrogels were sensitive to pH and temperallrese hydrogels displayed high
swelling at high temperature and low fgble to crosslinking through formaldehyde, the
thermal stability of these hydrogels has enhanéddR spectra of these hydrogels
exhibited a peak at 1566.8 ¢nattributed to imine bond formation, confirms the
crosslinking between Chitosan and formaldehyde.tDweosslinking, the strength of the

hydrogel membrane has increased. Crosslinking é@isced the swelling capacity of

developed Chitosan hydrogel [71].

Beppu et al. reported crosslinking of Chitosan lyagaldehyde. Further, the developed
hydrogels were characterized by scanning electracrostopy and atomic force
microscopy. XRD study of crosslinked Chitosan meambr exhibited a low degree of
crystallinity with respect to uncrosslinked Chitosmmembrane. TGA study of these
hydrogels revealed early removal of water molectditemn the crosslinked Chitosan
membrane. The hydrophobic behaviour of the chitoseambrane increases due to

crosslinking through glutaraldehyde [72].

Li et al. reported the synthesis of crosslinked t&@@an using glutaraldehyde as a
crosslinking agent. Based on the XRD result, tloemtl that the crystallinity of Chitosan

reduces due to crosslinking. In the differentiablst they found that the thermal stability
of Chitosan is higher than crosslinked Chitosannithe SEM study, they found that the
surface of crosslinked Chitosan has a porous surfidtey also reported that crosslinked
Chitosan exhibit antimicrobial behaviour againstriwlderiacepacia. During the

preparation of hydrogel, acetic acid was to dissof@hitosan. Besides this, no

biocompatibility analysis of these hydrogels wadqrened[73].
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Li et al. developed electrospun nanofibre using@3ain. They developed nanofibres with
different concentrations of genipin. Tensile stit@n@ vitro degradation and swelling of
these hydrogels, were evaluated. Besides this,cogtpatibility analysis of these
hydrogels was performed using the L 929 cell liRer clinical application of these
Chitosan-based fibers, more studies on degradatiah biocompatibility would be

needed[74].

Liang et al. reported the synthesis of thermoseesihydrogel nanoparticle from
carboxylatedmethoxypoly(ethylene glycol) graftedit@$an. These hydrogels were
evaluated by transmission electron microscopy améuahic light scattering. Three drugs
(5 Fluorouracil, Bovine serum albumin and dexamstha) were loaded into these
hydrogel nanoparticles, and their release pattexs studied. The cytocompatibility of
these hydrogels was evaluated through MTT assagusouse embryonic fibroblast cell
line. The porosity of these hydrogels depends endiégree of substitution (DS). The
porous hydrogel network developed by the specditcentration of polymers becomes
compact upon increasing the degree of substituliberefore, drug release from these

hydrogels is also affected by the degree of sultit [75].

Zhao et al. has observed stress relaxation behawoalginate hydrogel. Alginate
hydrogel used in this study were crosslinked by tmegthods, namely ionic crosslinked
and covalent crosslinking. lonic crosslinked al¢gnaydrogel undergoes stress relaxation
due to breaking, followed by the formation of ne@nic linking. Simultaneously,
covalently crosslinked alginate hydrogel underggiesss relaxation due to the migration
of water from the gel. In ionic crosslinked algmdtydrogel, stress relaxation does not
depend on the size of the sample. In contrast,sthess relaxation of covalently

crosslinked alginate hydrogel depends on the diteeosample [76].
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Biswal et al. developed gelatin hydrogel by cradshg through glutaraldehyde. These
hydrogels were further characterized by the FTIBhméque. These hydrogels were
loaded by ciprofloxacin, and its release was studiEhe cell proliferation of these
hydrogels was performed using the MG-63 cell liflke mechanical property of these

hydrogels was evaluated through a stress relaxsgirusing the Weichert model [77].

Stress relaxation studies are performed to undetstiae persistence of visco elastic
nature of the hydrogel for long term. To evaludie $tress relaxation parameter of the
hydrogel can be mathematically calculated and gdioéigainst time. This graph between
stress relaxations versus time, enabling one tavkhe time frame in which visco-elastic
behavior is maintained. Besides, the formula prieskim the thesis allows determining
which composition will be best suited for the dediapplication[78, 79].Chen et al. also
reported the stress relaxation of PVA-HA / PAA hygkl using the following equation

[80]

) S0-S
9% Stress relaxation = Oso E % 100

where g = Initial stress of sample and-SRelaxation stress of sample after time t

Liu et al. reported the synthesis of scaffold ustofjagen and Chitosan. This scaffold
was crosslinked by glutaraldehyde. Microstructanadlysis of scaffold was performed
using scanning electron microscopy. The cell vigbibf these scaffolds was studied
through the MTT technique using dermal fibroblastsc A decrease in the swelling ratio
of the scaffold was observed due to an increaskdrconcentration of glutaraldehyde.
The swelling pattern also changes due to the strecollapsing of the scaffold. From
the swelling analysis of these scaffolds, it cardmecluded that swelling of the scaffold

depends not only on the concentration of crosstike also on the three-dimensional
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structure of the scaffold. Before clinical applioats, a more detailed degradation study

of these hydrogels need to be performed[81].

Fookes et al. reported Chitosgnglycerophosphate-based hydrogel for oral delivéry
fluoride. These hydrogels can be used for therreat of osteoporosis treatment. This
hydrogel system was found stable till 48 hours upemosure to pH 4 and pH 7 buffer
solutions. The controlled release of sodium fluericbm these hydrogels was observed
for 6 hours. In vivo studies of sodium, fluoridednggels were performed using rat. Effect
of API on hydrogel system has not been performessides this, API's effect in water

solution for a longer duration (more than 6 homesds to be studied[82].

Vignesh et al. developed Chitosan / hyaluronic dgidrogel containing deferoxamine
(DFO) loaded PLGA nanopatrticle. The developed hgdreystem was found to produce
an angiogenesis effect. To develop deferoxaminepeaticle, a double emulsion solvent
diffusion approach was used. Scanning electron astapy confirmed the spherical
shape of the nanoparticle. DFO release from theldped hydrogel was observed for
ten days. Free DFO and DFO NP was loaded into thgseogels were injected

subcutaneously into mice, and its angiogenesiscieffeas observed. During the
preparation of hydrogel, Chitosan was dissolveddetic acid solution. Therefore, it is

mandatory to neutralize this solution to minimike effect of acetic acid[83].

Campos et al. reported microparticle using PVA &idtosan as precursor. These
microparticles were crosslinked through glutarajdkh In order to prepare these
microparticles, the water in emulsion technique wsed. These techniques involve two
steps- step (i) Generation of the two-phase sy$tgmispersing polyvinyl alcohol and
Chitosan solution in vegetable oil results intonfation of tiny droplet of polymer

solution step (ii) hardening of these drops usingagaldehyde, results in the construction
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of the micro particle. The cytocompatibility of geemicroparticles was evaluated using
mouse peritoneal macrophages. During the synthasisrosslinked microparticles,
Chitosan was dissolved in acetic acid: methanalesdl The presence of acetic acid in

microparticles may limit its wide applications[84].

Wang et al. prepared PVA / Chitosan-based hydrogmslinked by glutaraldehyde.
These hydrogels were biodegradable and pH-sensifikey presented that the pH-
sensitive nature of these hydrogels is due to teggmce of an ionic pendant group. They
have classified water present in hydrogel into fifferent types- category ‘a’, category
‘b’, category ‘c’ and category ‘d’. Category ‘a’ t&a means the water molecules
associated with polarized ionic group of polymeat&gory ‘b’ means water molecules
associated through hydrogen bonding. Category rigblves the presence of water
molecules in the cages surrounded by hydropholopy. Category‘d’ involves the
water molecules imbibed by capillary pores of thatenal. Category d water is also
known as bulk water. Category ‘a’ and categorywhter is collectively termed as bound
water. Category ‘c’ and category‘d’ water is callatermediate water and free water,

respectively. The water content of hydrogel is dateed gravimetrically [85].

Wang et al. also reported the development of adgmbtable semi-interpenetrating
polymeric network using PVA and Chitosan. FTIR stofl swollen polyvinyl alcohol /
Chitosan exhibited at 1643 cdmndicated the generation of imine bond (C=N) doe t
interaction between aldehyde groups glutaraldelaydieamino group of Chitosan. This
peak was disappeared after three days, indicaiegtability of the Schiff base (C=N).
The toughness of these hydrogels has improvedamitincrease in the concentration of
polyvinyl alcohol The major drawback associatethwhese hydrogels is the leaching
of PVA from PVA-Chitosan hydrogel in an acidic eronment. It shows that PVA is

physically crosslinked within the hydrogel netw@#§].
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Dried Hydrogel

Swollen Hydrogel

Figure 2.1- Schematic representation of swelling of hydragetlater (Green and blue
dots represent hydrophilic group of polymers).

Altinisik et al. synthesized PVA / Chitosan hydrbgsing tartaric acid as a crosslinker.
They have performed enzymatic degradation of thgdeogels using lysozyme enzyme
in buffer solution (pH 7Y at 37°C temperature. They have evaluated the swelling

property of hydrogel using the following mathematiequation.

ms — md
%S =TX 100

where m3 = mass of swollen sample and smmass of dried sample

In this study, they have loaded amoxicillin as adeladrug, and its release study was
performed by UV-Vis spectrophotometer. They hawso avaluated thermal stability,

crystallinity, surface topography, and structuralgsis of the hydrogels [87].

Khan et al. prepared hydrogel using low viscoust@3ain and PVA. To develop these
hydrogels, glutaraldehyde was used as a crossgirkgent. The swelling behavior of
hydrogels was evaluated using different pH bufféfeey reported that hydrogel

composite having a higher content of PVA showga Bivelling rate in higher pH buffer.
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They have loaded diphenhydramine drug into hydrbgedwelling method, by keeping
dried hydrogel in the drug solution. They have aatdd drug percentage drug loading
of the hydrogel by weight method using the follogvfiormula.

WD — Wd
— X

100
wd

Drug loading % =

where W and W5 represent the weight of dried hydrogel and wedajhthe drug-loaded
hydrogel respectively. Further, the drug releaseetics study of these hydrogels was

studied using different kinetic models[88].

Similarly, Osman et al. also reported the approach to calculate percentage drug
loading efficiency of 5 aminosalicylic acid drug from the levan-pNIPA based

hydrogel using the following mathematical expression [89].

_ (W2 —W1) x (07/1000))

5 — ASA (Wt%) = T 00

where W= Weight of swollen gel and W Weight of dried gel

Yang et al. prepared hydrogel blended membraneguA and Chitosan. To develop
these membranes, formaldehyde was used as a okasslThe FTIR result revealed that
the absence of hydroxyl group in composite membrame the formation of new
functional groups such as ether linkage and adeigin the new composite membrane.
These functional group changes occur due to theraotion of formaldehyde and
hydroxyl group associated with PVA. Another impattabservation was the decrease in
crystallinity of PVA due to crosslinking with forrdeehyde. This has been confirmed by
thermogravimetric analysis, differential scannirapcmetry, and dynamic mechanical
analysis. During the preparation of these PVA/ @an hydrogels, an incompatibility
iIssue was observed. Since pure PVA is a crystatiolgmer. But upon treatment with

formaldehyde, the crystalline fraction of PVA dexses. Besides this, the separation
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between crystalline fraction and an amorphous isaadf PVA also decreases. This is

confirmed by an increase in the damping peak of RX65slinked hydrogel[90].

Islam et al. developed blend hydrogel from PVA a@titosan using TEOS
(tetraethoxysilane) as crosslinker. TEOS was used arosslinker, because TEOS is
nontoxic. The significant outcome of this work what the developed PVA/ Chitosan
hydrogels were pH-sensitive. These hydrogels dygpolanore swelling in a neutral
solvent system concerning an acidic and alkalinerenment. Owing to higher swelling
in a neutral environment, these hydrogels wereidensd as potential matrices for drug
delivery. Dexamethasone was loaded into these hgtkpand its release study was
observed in the simulated intestinal and gastulfby UV visible spectrophotometer.
FTIR results of this study revealed the appearafigepeak at 1080 chand 1020 cm

is due to the presence of siloxane bond generatetEIWS. Besides this, the porous
nature of these hydrogels was confirmed by scanmiegtron microscopy. These
hydrogels were developed by dissolving Chitosan airetic acid. No in-vitro

biocompatibility test has been performed usingehesirogels[91].

Costa junior et al. reported hydrogel synthesiagiBiVA and Chitosan as the precursor.
These hydrogels were crosslinked through glutahgide. XRD study of these hydrogels
revealed the decrease in chitosan crystallinity ttu¢he formation of a crosslinked
network via glutaraldehyde. Besides this, chengtehing was used on these hydrogels
through sodium hydroxide solution (0.5 M) for 5 mies to separate uncrosslinked PVA.
These hydrogels were subjected to SEM analysidserve voids. The void formation
was observed in uncrosslinked PVA/ Chitosan contposihereas, Crosslinked PVA/
Chitosan composite membrane was intact after egchid did not display any void on
their surface. FTIR result of these hydrogel conitepasxhibited broad peaks in the range

between 3200 crh to 3550 crit confirms the formation of intramolecular and
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intermolecular hydrogen bonds. Schiff base fornmatiae to crosslinking between PVA
and Chitosan was approved by the band's appeasari&s0 critand 1634 cm in the
FTIR spectra. PVA / Chitosan crosslinked hydroggpldyed a reduction in swelling due
to crosslinking and increased Chitosan concentratipart from this, no in-vitro

degradation study and viscoelastic study have pednrmed using these hydrogels[92].

Abdelaal et al. reported the development of PVA @hdosan-based hydrogel using two
different approaches, namely Chemical crosslinkargl irradiation. The swelling
behavior of these hydrogels was studied in simdlgésstric fluid and simulated intestinal
fluid. These hydrogels exhibited pH-responsive badra5 Fluorouracil was loaded as a
model drug to know the drug release profile of ¢éhégydrogels. FTIR spectra of
glutaraldehyde crosslinked Chitosan hydrogel digmdea peak at 1642 chindicates the
formation of an imine bond. Similarly, PVA / Chitos chemically crosslinked hydrogel
exhibited a peak around 1646 ¢ris due to crosslinking formation between PVA and
Chitosan through hemiacetal or acetal formatiomuBianeously, the decrease in the O-
H band was observed in radiation-induced crosstinR&A/ Chitosan hydrogel. This
result suggests that radicals are formed in maclegutes resulting in crosslinking of
PVA chains. PVA and chitosan crosslinked throughdiation. Therefore it promotes
more self-crosslinking of PVA molecules. Due tofwebsslinking, a reduction in

equilibrium swelling of hydrogels was observed[93].

Zu et al. developed hydrogel composite from PVA &tdtosan through chemical
crosslinking. To crosslink these polymers, glu@dealyde was used as a crosslinker.
Nano insulin was loaded into these hydrogels, éndelease pattern was evaluated by
high-performance liquid chromatography. Scannirgtebn microscopy of freeze-dried
hydrogel was performed. SEM study of the hydrogeisealed the porous nature of

hydrogels. Besides this, pore size was also affestie to the crosslinking. The pore size
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of these hydrogels reduces with an increase irextbent of crosslinking. The excellent
miscibility of both polymers during hydrogel fornm@at was confirmed by X-ray

diffraction and differential scanning Calorimetiy. order to use this formulation for
clinical applications, in vitro biocompatibility alysis of these hydrogels must be
performed. Besides this, a viscoelastic study néeds performed to get information

about the viscoelastic nature of these hydrogdlk [9

Alhosseini reported the development of electrospnofibre scaffold using PVA and
Chitosan. Owing to the presence of larger porethénfibers, these scaffolds could be
used for nerve tissue repair. The degradation stidpis scaffold was evaluated by
keeping them in PBS buffer (pH 7.4) followed bytsight measurement in the different
time intervals. The degradation of these scaffolds calculated by the following

equation[95]

Wo — Wt
Degradation Index = Weo x 100

where W, and W is the initial and weight after time t respectiuel

Mansur et al. developed crosslinked hydrogel ndtwsmg PVA / Chitosan. FTIR Study
of Chitosan blends exhibited an increase in thensity of imine band (C=N) and
decrease in the intensity of amine band, confirhgsformation of crosslink network
through glutaraldehyde. The swelling study of thiegdrogels has displayed the impact
of crosslinking on the swelling of developed hydrbgWith the increase in the
concentration of glutaraldehyde, swelling of Chatodlend hydrogel has reduced. The
decrease in swelling of hydrogel is attributedn® formation of the more rigid network
through crosslinking. In vitro biocompatibility tfese hydrogels were evaluated through

MTT assay using VERO cell [96].
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Figure 2.2- Schematic representation of MTT assay of hydregsiple.

2.4 Problems associated with Chitosan

Chitosan is soluble in acidic pH solutions[97, 98possess primary amino group with
pKa value 6.3. Therefore, at acidic pH amino grofighitosan is protonated and get
dissolved upon formation of positively charged aén [99].Cho et al. reported that
Chitosan-based formulations prepared using acididveat might affect the

biocompatibility of the system. Because residual acesent in the drug delivery system
adversely affects drugs' potency through accefegatiegradation of drugs [98].

Similarly, Sogias et al. have reported that acidide Chitosan, upon administration in
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neutral or basic pH, undergoes precipitation andea harmful effects [100]. Zhou et al.
have reported that removal of residual acid fromd aoluble chitosan is difficult due to

the attractive force between carboxylate ion ofl arid ammonium ion of Chitosan. They
also reported that a small quantity of residualdatiight cause toxic effects upon

application to wound or tissue[101].

2.5 Problem statement

As discussed in the literature mentioned aboveesymwumerous work has been reported
on Polyvinyl alcohol and Chitosan for various bigemering applications. They have
used physical and chemical methods to develop lggiisoIn these reports, most of the
authors have utilized acid-soluble Chitosan to tgvéydrogels. The major drawback
associated with acid-soluble Chitosan is acid tesid the final product, which could
adversely affect biocompatibility by leaching te tiearby tissue [98, 100, 101]. Besides,
acid-soluble Chitosan-based biomedical productd t@®e neutralized before their last
use in clinical applications[102, 103]. These stamings motivated us for further
research based on water-soluble Chitosan. Vehy litbrk has been reported to date on
water-soluble Chitosan. Therefore, our currentaesework is inclined to develop a
hydrogel system based on water-soluble Chitosampbdkency of these hydrogel systems
was evaluated after incorporating Chitosan (wabéukde) into polyvinyl alcohol. These

hydrogels were developed through a chemical approac
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2.6 Aim and objectives of present work

The major objectives of our research is as follows-

e Objective 1: Polyvinyl alcohol / Chitosan Lactate hydrogel for controlled
drug delivery

Synthesis of Polyvinyl alcohol / Chitosan Lactayelfogel

Characterization of hydrogel by XRD, FTIR, DSC, TGZEM, AFM.

Water holding capacity of hydrogels.

In- vitro biocompatibility study of hydrogels.

vV VvV VY V VY

Incorporation of Ciprofloxacin drug into the hydedg and its in- vitro release

study

A\

Antimicrobial study and In vitro degradation study.
» Stress relaxation study of hydrogel

» Contact angle study of hydrogels.

* Objective 2: Polyvinyl alcohol / Chitosan Oligosaccharide hydrogel for
controlled drug delivery

Synthesis of Polyvinyl alcohol / Chitosan Oligodaaade hydrogel
Characterization of hydrogel by XRD, FTIR, DSC, TGZEM, AFM.

Water holding capacity of hydrogels.

In vitro biocompatibility Study of hydrogels.

YV V VYV V V

Incorporation of Lomefloxacin drug into the hydrtgeand its in vitro release
study

» Antimicrobial study of hydrogels
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» Stress relaxation study of hydrogels

» Contact angle study of hydrogels.
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