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SYNOPSIS

Hydrogels are three-dimensional networks of hyHdilappolymers which can
absorb and retain high water content within theatnm. They are widely used as
wound dressing material since they are consideoegossess most of the ideal
characteristics required such as ability to absonidates at the same time retaining
high moisture content, non-adhesive character, wap@rmeability and act as a
barrier against microbial infections. Various pobmie hydrogels are used also as
tissue engineering constructs for regenerative afher For regenerative wound
healing, the dressing should be developed in suetaw that it should enhance
healing with cell viability after storage for a cerable period of time and should be
devoid of risk of infection while application. Hsabels composed of biological
materials like gelatin, hyaluronic acid, alginatetc are being investigated for
application as tissue engineering constructs. Sitthmaterials like polyvinyl
alcohol, poly—2- hydroxyethyl methacrylate (pHEM@ic also have potential tissue

engineering applications in constructs for woundling.

Gelatin, a highly bioactive material is used intnaerylamide modified form
to prepare polymeric hydrogels through photocroksig. However, redox
polymerization is the conventional polymerizati@echnique that have been used for
polymerization of synthetic materials like HEMA atitese polymers have shown to
possess good biocompatibility and bioactivity. T&MA hydrogels in combination
with various other materials like PEG have alsowshao improve the mechanical
properties. Silver nanoparticles possess broactrse antimicrobial characteristics
with toxicities against a wide variety of bacterighecies and some fungi also.

Considering this background information, it carhigpothesized that

“Copolymerization of methacrylamide modified Gelatin and HEMA in the
presence of PEG protected silver nanoparticles using redox initiators can be used to
develop antimicrobial tissue engineered scaffolds with appropriate strength and
strong water intake characteristic which also support the attachment and
proliferation of dermal fibroblasts and may be used as a wound healing dressing

material”



The objectives adopted to illustrate the hypothases

» Synthesis of Gelatin methacrylate (GelMA).

» Characterization of GeIMA monomer & HEMA

» Polymerization of GeIMA-HEMA hydrogels with and witut PEG protected
silver nanopatrticles.

» Characterization of hydrogels: Chemical, SwelliMgchanical, Porosity.

> Evaluation of cytocompatibility of the synthesizégidrogels using dermal
fibroblast monolayer culture.

» Evaluation of 2D attachment and proliferation diréiblast cells on composite

hydrogels with and without Ag nanopatrticles.

The raw materials Gelatin, HEMA and methacrylic yide [MAA] used in
study were characterized initially by different epescopic techniques,
viscometry and by measuring refractive index. Gelaype A from porcine skin
[10% (w/v)] was reacted with MAA for a period off®urs at 58C with constant
stirring. The raw product was purified through ¢s$ and subsequently
lyophilized. The MAA concentration was varied inder to optimize the final
yield of GelMA. The monomer was characterized bgctmscopic techniques.
Silver nanoparticles (20 nm) were prepared in PEGt®n by a reported
procedure. Different hydrogel formulations were eleped through redox
initiation mechanism and following characterizaiowere done as follows:
Swelling properties, mechanical (tensile and cosgim), 2D surface
morphology evaluation, 3D microarchitecture andopdy evaluations etc. The
biological characterization of hydrogel samples evperformed to analyze the
cytocompatibility (viability, apoptosis, and praifation assays) and 2D cell

attachment and spreading (actin staining).

A maximum vyield of 67.08% was obtained during Gel\M§nthesis after
purification by using 2% Methacrylic anhydride centration in reaction volume.
The hydrogel samples prepared from 10% GelMA arfib GeIMA and HEMA
(2:0.8) were found to posess poor mechanical, Imndhnd degradation

properties and found unsuitable for further studieOther combinations
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G200H80, G300H80 containing 20 and 30% GelMA and/iAH1:0.8) with and
without silver nanoparticles were characterizechwdrious techniques mentioned
above. The swelling characterization was done bysmeng the percentage
swelling, swelling ratio, and rehydration ratio.dh the cases, a gradual increase
in properties was observed with increase in monoowgrcentration and upon
addition of PEG protected silver nanoparticlesmitir results were observed for
the mechanical characterization also. The silgaching was measured to detect
the quantity of residual silver present in the logl sample to exert sufficient
antimicrobial properties. From the results of simgll and mechanical
characterization G200H80Ag formulation was selectew! used for further

studies.

The 2D surface morphology and 3D morphometric eatsgdn was performed
for the hydrogel samples after and before washisigguESEM and MicroCT.
The results from these studies show that porosity@ore size distribution varied
with storage of hydrogel in PBS with time. Thelbgical characterization of the
samples revealed a considerable reduction in cyitoty after washing in PBS,
since the toxic eluents were leached out. Thedgelrsamples did not show any
adverse effects on cell proliferation and did matuce apoptosis. The samples
allowed slight surface attachment through the edglesn incubated for 3days
which could be observed through ESEM. The cekkaging below the hydrogel
samples (when placed on monolayer culture) wasircoedl by the regular

network of actin visualized by Phalloidin staining.

From the results got in the short term study, i && concluded that, the
developed hydrogel sample possess good mechamchlsaelling properties
required for application as a wound dressing maitefihe cytocompatability and
2D cell attachment studies indicate that, the adhesion and spreading can be
improved by reducing the sample thickness and uUsioactive agents to enhance

the proliferation.



CHAPTER 1

INTRODUCTION

BACKGROUND:

A wound is a disruption of normal anatomic struetand function of the skin.
The term ‘wound’ specifically refers to a sharpuiyj which damages the dermis of
the skin. Normally a cascade of complex biologmalcesses accompanies a wound
known as the ‘wound healing response’. In the @ds@mple wounds, it is able to
regain the lost structure and function of a paléictissue. However, it can sometimes
produce negative outcomes such as loss of normattste and function due to
excessive collagen deposition (scar formation),etigpment of chronic nonhealing
ulcers due to concurrent disease, such as diabetssilar disease, renal failure, and
due to other factors such as malnutrition, smokiadjation exposure, infection, and
immunocompromise. The wound healing and scar faomatffects multiple parts of
the body, for example, heart after myocardial ictian, healing cirrhotic liver,
maxillofacial regions after traumatic injury or gery etc. Treatment of such chronic
nonhealing wounds and tissue regeneration withaedlwr no scar formation is a

great challenge faced by clinicians.

Wounds are generally classified into acute andrdbrwound, based on the
healing response. Acute wounds are caused by &aborns (wounds with tissue
loss) or surgery (without tissue loss) and heahiwita few weeks (8 — 12) whereas
chronic wounds are the outcomes of diseases sucliebetes, tumors etc and take
long time to heal (more than 12 weeks). Woundsadse classified by the layers
involved: a) superficial wounds involve only theidgrmis, b) partial thickness
wounds - involve only epidermis and dermis, andiltYhickness wounds - involve
the subcutaneous fat or deeper tissue. Basedeimapearance, wounds are again
classified into: epithelializing (clean, medium high exudates), granulating (clean,
exudating), slough-covered and necrotic (dry) waundlthough wound healing and

tissue regeneration occurs naturally, infectionymebdrying, tissue death or signs of



circulation impairment, presence of pathology etn smfluence the healing time and
create a ‘complex wound’, thus making wound care @anagement a great clinical

challenge.

Wound healing may be defined as tr@cess whereby an injured tissue is
repaired, resulting in regeneration of its cell lining with the reorganization of the
deep tissue components into scar. Knowledge about normal wound healing
mechanism and the chemical agents involved is ytery important in designing a
tissue engineered wound dressing as a cutaneoesemeagive approach. The healing
response involves consecutive cascade of biologieaénts - Hemostasis,

Inflammation, Migration, Proliferation, and Matuiat.

Hemostasis:- Vasoconstriction and hemostasis #re first stages of wound healing
occurring immediately after skin damage. The cativa of blood vessels
(vasoconstriction) at the wound site prevents exd#sod loss and the fibrin clot

formation (hemostasis) stops bleeding from the wioun

Inflammation:- This phase occurs simultaneously with the heasist The clot

formation and increased vessel permeability allantibodies to enter tissues through
exudates. Neutrophils accumulate at the woundasiteén a few minutes and activate
inflammation. The chemical messengers producedcatphagocytic cells such as
macrophages. These long lived cells produce vargrmasvth factors that act as

chemical messages for further healing process.

Migration:- In the migratory phase, outer live epithelial€starts migrating towards

injury to replace dead cells.

Proliferation:- Cellular proliferation involves three key proses, angiogenesis,
fibroblast proliferation and epithelial cell proliferation (all require energy, protein
synthesis and anabolism). Macrophages secretbsaasizce known as angiogenesis
factor, which is felt to be a chemo-attractantrfrsothelial and vascular endothelial
cells which divide to form a capillary bed near th@eund edge. The fibroblast begins
to appear in the wound about 2 days after injuryctvimigrate to the wound site
along the fibrin and collagen strands. The fibretda being metabolically active,

depend on the adequacy of local €pply and the adequacy of neo-vascularization



for continued proliferation. Epithelialization proliferation of epithelial cells occurs
with loss of the epidermis. The adjacent cellsobee reprogrammed, get detached
from their basement membrane, divide, and migraweatd and across the wound,
first forming a single cell layer. Various epiderngrowth factors released from the
macrophage and platelet, initiate the response r&+epithelialization process can be
rapid, i.e., 3 to 5 days in a superficial injurysaveral months, depending on the size
of the defect, the nutrient supply, the numbereofiaining basal cells, and the wound
environment. Once a single layer develops, adtitidayers form from mitotic
division.

Maturation or Remodeling:- The wound remodeling is the result of increasing
cross-linking, resulting in increased strength.sTsiage begins about 3 weeks after
the injury and persists for months to years. As$ stage fibroblasts completely cover
the surface of the wound as a new layer of the akith there is no evidence of the

wound.

Wound Management: Wound management requires dressing materials and
techniques that address the specific needs of theryi Traditional wound
management practices worked on ‘drying up’ wourglghing it prevented infection,
but from late 1960s it became clear that woundihga$ optimal when wound is kept
moist. Epithelialisation occurs more rapidly in a moistumad environment (Alvarez,
1988). Pain in the wound is reduced or eliminated in astnenvironment where
nerve endings are hydrated and air is expelled.toljic debridement (autolytic
removal of necrotic tissue by rehydration) is fiégied in a moist environment and it
provides faster re-epithelialization, reduced nigkinfection, reduced healing time,
and better cosmetic results. Endogenous growtiorcritical to healing are found
in wound fluids and may be more available in a mems/ironment. Ability to confer
an electrical gradient between the wound bed amthaloskin is present in a moist
wound environment, thus promoting epidermal celgnaiion from normal skin to

wound bed.

Over the past 30 years, hundreds of dressingshéigt to create a moist
wound environment have been developed. Many modiessings provide several of

the ideal characteristics of moist wound dresslikgs



vV Vv Vv VY Vv V¥V ¥V Vv VvV V¥V ¥V ¥V VYV VY V

>

Maintain a moist wound environment

Absorb excess exudate

Eliminate dead space

Do not harm the wound

Provide thermal insulation

Provide a bacterial barrier.

Maintain optimum (acidic) pH and allow gaseous exae
Reduced odour

Easy to apply

Not excessively expensive

Should not cause increased pain

Should not induce maceration

Should not induce toxins, foreign particles oréibinto the wound
Should not cause trauma on removal.

Should have acceptable handling qualities (resistato tear and

disintegration when wet or dry), and

Be conformable and be sterilizable.

Modern moist wound dressings providing most of ¢higieal characteristics include

occlusive dressings such as polymer films, foarpdrdyels, alginates, hydrocolloids

etc. Recent developments in wound healing inclnel® treatments such as skin

substitutes, epidermal grafts dermal replacemerdsyposite grafts, and growth

factors which have shown some particularly prongismitial results in the treatment

of diabetic foot ulcers.



REVIEW OF LITERATURE

For a proper wound management, an ideal woundsitigesvhich addresses
the specific requirement of the injury is needddert material that does not shed
fibers or compounds into the wound which may evakéoreign-body, irritant, or
allergic reaction is the desirable property of deail dressing composition. The
development and application of wound dressing forstrhealing is dependent on the
health condition of patient, the nature of the waebamd the phase of wound healing.
The main purpose of wound dressing is highest othealing and best aesthetic
repair of wound together with tissue regeneratibnthe treatment of wounds such as
severe burns, trauma, diabetic, decubitus and westasis ulcers, and similar tissue
damages rapid and proper healing is much more i@powhere the dressing should
achieve the functions of the natural skin by protecthe area from the loss of fluid
and proteins, preventing infection through bactansasion, and subsequent tissue
damage. Also, it should improve healing by providan support for the proliferating
cells. Thus the development of a suitable wouressing which possess the above

ideal features has been a great challenge andcbseterest for last several years.

Most of the modern dressing materials are dedigoecreate a moist wound
healing environment which allows the wound fluidsl agrowth factors to remain in
contact with wound, thus promoting autolytic debritent and accelerating wound
healing. The improved healing under wet or mogstdition has been explained as
the easier migration of epidermal cells over thestneound surface instead of under
a dry scab, increased partial pressure of oxygaed, the preservation of growth
factors and proteinases present in fluid exuddtas dan hence allow to exert their
potentiating effect on wound healing (Svensjo &let2000. Autolytic debridement
is facilitated by the enzymes produced by leucacyecumulated at the wound site
under wet wound environment. This usually occl#s@ 96 hours after wounding;
thus cleaning the wound in preparation for the irgplaase. The proposed benefits to
moist wound healing include (Ted S. Stashak, 2004):



v Prevention of the formation of a scab which cap tdite blood cells which
prevents them from participating in their importamund healing functions.

v' The pH of the environment is reduced, thus advesécting bacteria.

v" Prevention of bacterial strike through from outstdle wound to the wound
surface.

v More rapid epithelialization and

v" The moist environment favors normal colonization ledcteria but not

infection.
CLASSIFICATION OF WOUND DRESSINGS:

Large varieties of modern wound dressings availablebe divided in to two

broad categoriediiological and synthetic or biosynthetic.

Biological-derived wound dressings have ability éffectively promote
granulation and epithelialization of dermal wourasd they effectively regulate
evaporation and exudation and protect the woune fim bacterial infection.
Collagen-based dressing made from porcine skinetshef collagen, laboriously
harvested from sheep intestine tissue engineertikacized human cadaver skin etc
are some of the early used biological wound drgsagents. The tedious processing
of tissue and risk of microbial infection and fapeibody reaction on application are

the major drawbacks for the use of such biologisaived wound dressings.

Synthetic wound dressings are typically inexpenshave a long shelf life,
induce minimal inflammatory reaction, and lack tmsk of disease agent
transmission. Such synthetics/biosynthetics includgtiles, polyurethane films,
foams, hydrogels, hydrocolloids, and collagen/atgncombinations. Most of these
modern synthetic/biosynthetic wound dressings pl®viseveral of the ideal
characteristics of the moist wound dressings, legemnerative healing becomes a

major challenge with the synthetic wound dressings.

The synthetic/biosynthetic wound dressings canrafai classified based on

various aspects. A) Depending on their functiontle wound (debridement,



antibacterial, occlusive, absorbent, and adhereinessings); B) based on type of
material employed to produce the dressing (e.grdogdloid, alginate, collagen); and

C) the physical form of the dressing (ointmentnfifoam, gel).

The major classification for the synthetic wounessings are based on their
role in wound healing and regeneration, suchpassive, interactive and bioactive
wound dressings. Passive dressings simply praaidever over the wound so that
the wound can rehabilitate underneath while activeinteractive dressings are
believed to be capable of modifying the physiologfythe wound environment.
Conventional wound dressings such as gauze anel @&mé examples for passive
wound dressings. Interactive materials are therseclass of wound dressings that
control the microenvironment on the wound surfaceictv are transparent and
permeable to water vapor and atmospheric oxygeasdlare good barriers against
permeation of bacteria to the wound environment amdude materials such as
hyaluronic acid (HA), hydrogels and foamed coverEhe third type is bioactive
products known as active wound dressing mater/&8)) that stimulate some part
of the healing cascade. This includes materiatsh sas hydrocolloids, alginates,
collagens and chitosan. The AWDs can have suitalales transfer properties with
the wound bed which provides a means to tailor moditor the chemical state of a

wound and, thus potentially, to aid the healingcpss.

The modern wound dressings are mainlyaflusive or semi-occlusive type
which occlude or retain moisture within the wouneldb This moisture prevents
desiccation and additional trauma, thus preveritigggeneration of obstacle for the
migration of new epidermal cells across the woundiage. The occlusive dressings
have been reported clinically in association witifaater healing rate of partial-
thickness abrasions than without any dressingsniBB&, 2008

Main classes of occlusive dressings are: Polymelms;i Foams,

Hydrocolloids, Alginates and Hydrogels.
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Polymer films:

The effects of polymer films for moist wound hegliwere first investigated
by Winter (Winter GD, 1962) and Hinman and Maibdetinman CD, Maibach H,
1963) in 1960s. Film dressings were originally maflom nylon derivatives
supported in an adhesive polyethylene frame whiadenthem occlusive. Later it has
been modified to semipermeable dressings compdsealyurethane or polyethylene
with an adhesive coating on one side. Since thasfiare transparent, direct
inspection of wound is possible. They possess gastic properties that accounts
for its conformity, and provide resistance to shaad tear. Films are permeable to
water vapor, oxygen, and other gases, but are imgrgvle to water and bacteria. The
films are usually indicated in the treatment ofetigial abrasions, blisters, cuts, and

minor burns.

One drawback to semipermeable dressings is that d@ine nonabsorbent;
therefore, they are not advised for heavily drajnivounds. Channels often form in
the dressing, allowing wound fluid to leak out. akeng compromises the dressing's
barrier capabilities and the fluid accumulation nk@gd to maceration of the wound
surroundings. The pealing out of newly formedteglium together with the adhesive
and further damage to the healing wound during k&inis another drawback of the

polymer films.

Foams:

These dressings consist of porous polyurethane foa polyurethane foam
film, sometimes with adhesive borders. Foam dngssimaintain a moist
environment round the wound, provide thermal insoeand are convenient to wear.
They are highly absorbent, absorbency being cdattrddy foam properties such as
texture, thickness and pore size. The open povetste also gives a high moisture
vapour transmission rate (MVTR). The porous striebf the dressings, make them

suitable for partial- or full-thickness wounds witlinimal or moderate drainage, to

11



highly absorbent structures for heavily exuding na&i Foam dressings are also
indicated for granulating wounds where they areoreg to help treat over

granulation.

Foam dressings are not suitable for dry epithsliai wounds or dry scars as
they rely on exudates unlike the polymer filmsathieve an optimum wound healing
environment. They are opaque, and visual mongoohwound is not possible. It
needs frequent changing of the dressings, usuallyyel-3 days and may cause

undesirable drying effect on inadequately exudatieends.
Hydrocolloids:

Hydrocolloids are dressings in which a hydrophjadlablemass is applied in
a semisolid form to a flexible semi permeable ear{iThomas S, 2008). Those
dressings ‘melt’ over the wound to form a mobilé déey limit or prevent water loss
and are capable of maintaining the hydration staiua wound without too much
absorption that could dry up the wound. By trappivaund exudates, they create a
moist environment that softens and lifts dry esshdavours granulation tissue
formation and re-epithelialization, promotes angiogsis and stimulates macrophages
(Atiyeh BS, et al., 2002). In their intact statgdrocolloid dressings are impermeable
to water vapour but on absorption of wound exudatghange in physical state occurs
with the formation of a gel covering the wound. ¥Heecome progressively more
permeable to water and air as the gel forms. Tjurdcolloid dressings are most
commonly applied in the treatment of chronic woulldarding KG, et al., 2000).
However, these dressings have also been shownpmwa healing rates in partial-
thickness wounds such as burns, donor sites andrfgugl traumatic injuries.
Hydrocolloids are primarily used for lightly to metely exudating wounds, which
are reported to reduce wound pain and improve traditg of healed wound. They
are typical gel forming agents such as carboxypiethulose (CMC), gelatin and

pectin in an adhesive mass usually made of polyigtdne.

Hydrocolloid dressings generally have an occlusiuter cover that prevents

water vapour exchange between the wound and iteowdings. This can be

12



disadvantageous for infected wounds that requizertain amount of oxygen to heal
rapidly. Maceration of the surrounding tissue dmakage of excess exudates are
other undesirable results by the application of rogdiloid dressings. These
dressings may leave an odorous residue of adhesked with wound exudate upon
removal of the dressing (known as ‘Gel and smeliemomenon). Bacterial
colonization under occlusive dressing is also regabbut will less report on increased

infection.
Alginates:

Alginate dressings are naturpblysaccharides derived from algae or kelp
(seaweed). The non woven composite of fibers feahnium alginate, are produced
from the calcium or sodium salts of alginic acidgaymer composed of mannuronic
and guluronic acid residues, extracted from seav@&geh BS, et al., 2002). It is
insoluble in water, but an ion exchange betweerCeium within the alginate fibers
and the Sodium from the blood or wound exudate rscep on application. Since the
dressing is hydrophilicit can absorb up to 20 to 30 times its weighivound fluid.
This process converts the initial dry felt like exdl into a hydrophilic gel on the
wound surface that is easily removed. The caldmmreleased from the dressing is
known to promote the activation of prothrombin lire tclotting cascade (Turner TD,
2001). Additionally some alginate containing dnegs have the potential to activate
macrophages within a chronic wound bed and haveabily to generate a pro-
inflammatory signal which promotes granulationusgormation (Thomas A, et al.,
2000). Also, some alginates have the ability tokkstart the healing cascade by
causing lysis of mast cells resulting in releaséisfamine and 5-hydroxytryptamine
(5HT). Because of these attributes, calcium atgindressings are considered
bioactive. The alginate dressings can entrap #neebia in the gels and can be
removed during dressing change, thus providing retirect antibacterial property
(Fanucci D, et al., 1991 The other advantage of alginate dressings inclotié#ity
in saline providing easy removal by irrigation aack biodegradable without any

adverse effects.
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Unpleasant odour and need of frequent dressing gelsarare the main
drawbacks of alginate dressings.

Hydrogels:

Hydrogels are a three-dimensiueonal network ofrdykilic polymers with
water content between 90 and 95%. They can sweklqgueous solutions upto
equilibrium. Usually hydrogel dressings are madeswhthetic polymers such as
polyhydroxymethacrylates and polyvinylpyrrolidone.They are also made of
biological materials like gelatin or polysaccharideosslinked with a polymer.
Hydrogel dressings are available in the form of gghous gels or sheets or films.
Because of their water holding capacity, the hydl®gan act as ‘moisture donor’ at
the wound site. The hydrogel dressings are thuasidered to be having most of the

ideal characteristics of moist wound dressing.

They are suitable for cleansing of dry, sloughy racrotic wounds by
rehydrating dead tissues and enhancing autolytlrideement by increasing the
moisture content of the necrotic tissue and inéngasollagenase production
(Flanagan M, 1995). Due to high water content,ii@rogels exert a cooling effect
on application to wound and results in almost imiaiedreduction in pain. This can
be explained as the reduction in inflammatory psscdue to cooling of wound

surroundings.

The amorphous gel dressings need a secondaryagevermen applied on the
wound. However, the sheets do not need a secomlesging since they can easily
adhere and fit on to the wound site. Also the bgdf sheets are highly flexible and
can be cut into required size based on the woural sThey never leave any residue
on wound surface and have shown to improve re-elpiization of wounds (Debra
JB, et al., 1998). The hydrogel dressings, evendgh considered occlusive, are able
to absorb considerable amount of wound exudatestiv polymer matrix and have
comparable water vapour permeability to semiperneeaitembrangAtiyeh BS, et
al., 2002). These dressings are easily removed fhe wound bed because the moist

interface between dressing and the wound preveessithg adherence.
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Hydrogels are indicated in the treatment of blsi@nd minor lacerations, but
may also be used for more severe wounds such gsateasions and second-degree
burns because of the dressing's cooling ability exutate absorbency (Mertz PM,
1990). Although hydrogels possess high waterntiete capacity, the dressings
cannot be left in wound place for more than 1 wags because of their tendency to
dry out. This reduces the application of hydrodedssings for lightly exuding
wounds. Hydrogel dressings contain significant ami® of water (70-90%) and as a
result they cannot absorb much exudate, and hemeg are used for light to
moderately exuding wounds. Also, the hydrogels nsaypport the growth of
microorganisms in the presence of absorbed woundatgs (Turner TD, 1985). This
fluid accumulation can also lead to skin macera#iod further bacterial proliferation
leading to a foul smell in infected wounds, whiatessitate the frequent changing of
the wound dressings. In addition, hydrogels hawe Mmechanical strength and
therefore difficult to handle and this has beenedoto affect patient compliance
(Morgan DA, 1999).

Tissue engineering for wound healing:

The occlusive dressings, even though provide prepmund management,
cannot assure the regenerative approach of woualinge The use of bioactive
wound dressings like collagen, hyaluronic acid,tadan, alginates and elastin
dressings together with the growth factors liketé¥ derived growth factor (PDGF)
have demonstrated a 25% increase in closure oingeedtes in chronic wounds
(Ehrenreich and Ruszczak, 2006). But the growtttofamust be applied daily
forcing the patients to change their bandages dugacch application. Thus ideally
the goal would be to regenerate tissues such that the structural and functional
properties of the wounded tissue are restoredadetvels before injury, regardless of
the specific advanced wound care product. Theramraents in our understanding
of the cellular and molecular processes involve@date wound healing and in the
pathobiology of chronic wounds have enabled to yamalthe applicability of

regenerative wound healing through tissue engideeornd dressings.
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Tissue engineered wound dressings are primarilgldged to overcome the
difficulties with autografts and allografts such the risk and expense of surgery,
donor site morbidity, and rejection of the trangpdal tissue and also to get permanent
healing of wound. The initial studies on tissuwjiaeering for cutaneous wound
healing involve the application of in vitro cultagrautologous epidermal cells isolated
through punch biopsies. Although these cells wedfieient in small burn wounds
(Lancet, 1981), they could not produce satisfactesults in deeper burns and full
thickness wounds (Williamson JS, et al., 1995)e Tike of hyaluronan derivatives for
keratinocyte delivery has demonstrated the apmpdicabf bioactive materials in

wound healing (Campoccia D, et al., 1998).

The dermal reconstruction using bioactive agentsiheer suitable approach
for skin regeneration, was initially developed asel free construct (Burke JF,et al.,
1981) but later the cell containing constructs withls in cryopreserved live state
(Marston WA, et al., 2003) were developed. Thesenagrafts were found not
stimulating immune rejection and thus consideredaasuitable dermal substitute.
However, it was then found suitable only as a @gliwehicle for growth factors and
ECM produced by the implanted human foreskin filtaeb since these cells die

within a few weeks after implantation (Ehrenreictd &uszczak, 2006).

For full thickness wound regeneration, the dregsiraterial should substitute
both the dermal and epidermal part. A bilayerechglete skin transplant, Apligraf,
was the first to be marketed as an organotypic skibstitute for full thickness
wounds. It consisted of type | bovine collagen nratvith live allogeneic human
neonatal foreskin fibroblasts and keratinocyteswad found suitable for accelerated
wound healing (up to 25%) of chronic non-healinghougs stasis ulcers when
compared to standard compressive therapy (Falarga €998). Although Appligraf
does not produce any immunological rejection, #te of infection was higher when
compared to standards of wound care and the dafisrdo not remain viable beyond
4-8 weeks. Thus for a regenerative wound healivgdressing should be developed

in such a way that it should enhance healing wéh wdability after storage for a
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considerable period of time and should be devoidrisk of infection while

application.
Selection of material:

To design an ideal wound dressing, the selectidramaterial would
depend on the ease of availability, minimal procegditting for proper sterilization
and storage, and the ability to retain, after ktation and storage, the biological
characteristics that promote wound healing. Adgal dressing made of such a
material would incorporate both the advantagesctlpdf synthetic dressings (low
cost, long shelf life, and low risk of immunologiagaction) and those typical of
biological-derived dressings (regulated fluid flowcreased resistance to bacterial

contamination, and enhanced wound healing).
Polymeric hydrogels:

Hydrogels are super absorbent polymeric materidigctlwhave significant
roles in wound treatment / protection. This is dte their hydrophillicity,
biocompatibility, non-toxicity, and biodegradabjilit Hydrogels are a class of
polymer materials that can absorb large amountsatér without dissolving due to
physical or chemical crosslinkage of the constiyitaydrophilic polymer chains. The
water holding capacity of the hydrogels dependtheramount of hydrophilic groups
such as amino, carboxyl and hydroxyl groups, ingblymer chains. Hydrogels can
hold 10 to thousands of times of its dry weightxerogel weight which is the most
desirable property of an ideal wound dressing nedterThis is mainly due to the
availability of free hydrophilic groups which inrtudepend on the crosslinking. The
increased crosslinking can reduce equilibrium swglsince the hydrophilic groups
are crosslinked (M. M. Alam, et al., 2003) and dlsere is a subsequent increase in
the hydrophobicity and a corresponding decreaghdrstretchability of the polymer
network. Thus through controlled crosslinking oé tholymer chains, the swelling,
hydrophilicity and mechanical properties can bdotad. The biocompatibility of
hydrogels is also associated with the hydrophiiture, which helps in washing off

the toxic and un-reacted chemicals during synthesis
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Hydrogels with biomedical applications are madenir both synthetic
(PHEMA, pMMA) and biopolymers (chitosan, alginateyaluronan, gelatin etc.).
Because of the ease of preparation, desirable mmethand biological properties of
hydrogels, they are extensively used in drug delivevound healing, and as tissue
engineering scaffolds in regenerative medicine. drdgels possess ECM-like
viscoelastic and diffusive transport characterssticutolf, 2009; Slaughter et al.,
2009) and high water holding capacity that makentiseitable for tissue engineering
scaffolds and as wound dressings for skin regeperat Since hydrogels mimic the
ECM and their chemistry, cross-linking density aesponse to environmental stimuli
(e.g., heat, light, electrical potential, chemicadsd biological agents) may be

manipulated, they are ideal for producing tailoB&dcellular microenvironments.

During wound healing, the cells multiply by degragdand reorganizing the
ECM by themselves and any wound dressing matengit,ntherefore, be conductive
to rapidly recruit host tissue cells and inductiee stimulate invading cells to
proliferate, synthesize new ECM, and, if requirdifferentiate. Various studies have
linked the mechanical and chemical properties adrbgels to cell behavior. For
example, the introduction of RGDS (Arg, Gly, Asgrsequence in PEG hydrogels
have shown attached growth and spreading by endudtlcells (He et al., 2010).
Thus hydrogels have greater potential to apply dseasing material that accelerates

healing with tissue regeneration.

Hydrogels have been found to promote fibroblastif@ration by reducing the
fluid loss from the wound surface and protect tleumd from external environment
necessary for rapid wound healing. Hydrogels helmaintaining a micro-climate for
biosynthetic reactions on the wound surface necgs$ar cellular activities.
Fibroblast proliferation is necessary for complefgthelialisation of the wound,
which starts from the edge of the wound. Since bgeis help to keep the wound
moist, keratinocytes can migrate on the surfacedrbtyels may be transparent,
depending on the nature of the polymers, and peovdadshioning and cooling/
soothing effects to the wound surface. The mainaathge of the transparent

hydrogels includes monitoring of the wound healmighout removing the wound
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dressing. The process of angiogenesis can be ta@udtiby using semi-occlusive
hydrogel dressings, which is initiated due to terapp hypoxia. Angiogenesis of the
wound ensures the growth of granulation tissue lyntaining adequate supply of

oxygen and nutrients to the wound surface.

Gelatin based hydrogel systems:

To develop a hydrogel as wound healing dressihg, inost attractive
materials would be biological materials or natypalymers that can mimic the ECM
and thus enhance host cell attachment and prdideta The various biological
polymer hydrogels studied for wound healing includdlagen, hyaluronic acid,
chitosan, alginates and elastin. These biomaseplay an active part in the wound
healing process and so sometimes referred to amctive dressings’. These
materials are biodegradable and some play an aptiviein normal wound healing
and new tissue formation. For example, collagghésmajor component of skin and
bone and represents approximately 25% of the tioyalveight of mammals. It is the
major constituent of the connective tissue tharautts with the cells and play definite
role in wound healing and tissue regeneration. Tindkes it a suitable material for

wound healing and tissue engineering scaffoldigsue regeneration.

Collagen hydrogels are extensively used as callagatrix or in combination
with other ECM components (Srivastava S, et al90)9or reconstruction of liver
(Kaufmann PM, et al., 1997), skin (Auger FA, et 4998), blood vessel (Seliktar
D,et al., 2000), and small intestine (Voytik-Harl8h, et al., 1998). Collagen’s high
tensile strength, low extensibility, fiber orientat, controllable cross linking, low
antigenicity, and effects on wound healing and 8leoagulation are of principal
importance which makes them important in biomediapplication. However,
collagen expresses antigenicity in physiologicahditon and, due to its scarce
solubility, is difficult to process into a scaffoldBecause of the compact triple-helix
structure, the crosslinking of collagen is not easythey lack free hydrophilic ends.
Also the crosslinked collagen are found to be imagemic due to the presence of
traces of crosslinking agents like gluteraldehyded the heterogenicity of collagen

fibres from batch to batch reduces the consistericgell response which makes it
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not suitable for clinical applications. The avhilay and cost of production may also

hinder the use of collagen.

The denaturated-type collagen, gelatin is derivedhfthe partial hydrolysis of
native collagen breaking the triple-helix structwe collagen into single strand
molecules. Gelatin is composed of a variety ofraracids forming a linear polymer
with molecular weight varying between 15,000 an@,880 Da. Based on the type of
hydrolysis, ie, acidic or alkaline, gelatin is ofd types: A and B. Type A gelatin has
higher bloom number which directly correlates witie mechanical strength of the
formed gel. Gelatin has a gel-sol transition terapee is approximately 30°C. It
dissolves in hot water (below 60°C) and forms g®rucooling. Gelatin has been
extensively used as a wound dressing in medicimause of its self assembling,

nontoxic, biodegradable, inexpensive and nonimmenimgnature

Gelatin is composed of a polypeptide chains forfnech the denaturation of
collagen. It is a heterogeneous mixture of simglenulti-stranded polypeptides, each
with extended left-handed Proline helix conformasiand containing between 50 -
1000 amino acids. The triple helix of type | cgiba extracted from skin and bones,
as a source for gelatin, is composed of wigl) and onea2(l) chains, each with
molecular mass ~95 kD, width ~1.5 nm and lengtl3+0n. Gelatin consists of
mixtures of these strands together with their otigos and breakdown (and other)
polypeptides. The basic aminoacid composition @ekatin macromer is given in
Fig.1. Gelatin contains many glycine (almost 13imesidues, arranged every third
residue), proline and 4-hydroxyproline residuestypical structural unit is -Ala-
Gly-Pro-Arg-Gly-Glu-4Hyp-Gly-Pro-. The free primaramino group containing
residues can be chemically modified to enable prtidn of chemically crosslinked

Gelatin hydrogels.
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Fig. 1: Gelatin Structural Unit
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Fig. 2. Primary amino group containing residues of Gelatin

Gelatin easily forms physical hydrogel in water twipoor mechanical

properties.

But to use as a wound healing dressirghould possess mechanical

properties similar to that of ECM. Solutions urgtercoil-helix transition of the

chains followed by aggregation of the helices by fibrmation of collagen-like right-

handed triple-helical proline/hydroxyproline richngtion zones.

Higher levels of

these pyrrolidines result in stronger physicallpssiinked gels. It has very low

melting point and these physically crosslinked tijelaare not stable at body

temperature (37°C). So gelatin strands are chdisnmrasslinked to get stable sheets

of hydrogels under body temperature.

Gelatin hande through chemical cross-

linking typically utilizes bifunctional reagents gduas glutaraldehyde (Jayakrishnan
A, et al., 1996) and diisocyanates (Olde Damink ldd,al., 1995), as well as
carbodiimides (Ofner CM, et al.,1996),

21

polyepagmpounds (Sung HW, et al.,



1996), genipin (Sung HW, et al.,, 1999), and acytez (Petite H, et al., 1990).
Glutaraldehyde is by far the most widely used agdoe to its high efficiency to
stabilize collagen-based biomaterials. But thaite rin local cytotoxicity and

calcification of long-term implants necessitatesaliarnate for chemical crosslinking.

Gelatin is chemically modified using methacrylimhgdride to produce
methacrylamide - modified gelatin or Gelatin metiytate (GelMA) (An I. Van Den
Bulcke, et al., 2000). Upon reaction with methéicrgnhydride, thes-amino groups
of Gelatin are modified to form methacrylamide lgles. The primary amino group
containing residues of Gelatin like Lysine, Hydrtyeme, and Arginin are thought to
be modified with methacrylate groups. This modifgelatin is photopolymerized to
get the gelatin hydrogel with high storage modulBg. modifying the degree of
substitution, polymer concentration, initiator centration and uv irradiation
conditions, the structural and rheological progsrof gelatin-based hydrogels can be

controlled

i 0 CH, 0

[ | - I
Gel—NH, + H;C=C—ﬁ‘—0—ﬁ‘—(‘.=€.l—]3 — GcI—NH—C‘—ﬁ—CH_:
CHs

Fig. 3: M ethacrylamide modification of Gelatin.

Photocrosslinking of Gel[MA monomers under uv iragidn to prepare cell
encapsulated gelatin based hydrogels have shoveaport fibroblast growth and
proliferation and there were no need of alterndezilzation methods since uv
irradiation functioned also as a sterilizing agé¥ichol JW, et al., 2010). However,
the genetic stability of the cells after uv irratha cannot be assured and the toxicity
of monomers, due to the presence of acrylamide pgranay harm considerable
number of cells before polymerization. So to depeh cell encapsulated hydrogel
material for tissue engineering and wound healinfiernative polymerization

technique should be adopted.
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Fig. 4: Chemical crosslinking of GelMA.

Radical polymerization is the most common techaigsed for the preparation
of acrylamide based hydrogels. The use of redibaiars, Sodium metabisulfite and
potassium persulfate, are widely used in preparatib hydrogels from synthetic
biomaterials. Radical polymerization of GelMA isuhd to be superior to other
polymerization techniques like enzymatic polymeiima Radically polymerized
GelMA hydrogels have shown to possess a definede psiructure with
interconnections and as a consequence, it was raoiable for hepatocytes
colonization (Barbetta A, et al., 2006). Howevéne lesser biocompatibility
compared to the enzymatic crosslinking can be @weec by the incorporation of
ECM components like Chondroitin sulfate and hyahizoacid during radical
polymerization (Andrea Barbetta, et al. 2008).

GelMA hydrogels are used as tissue engineeringadaffor a wide variety
of cell types. TGH1 incorporated GelMA hydrogels had shown good perémce
to support chondrocyte growth and maintain chongtrogohenotype in vitro with
improved bioactivity because of TGH- in terms of cell proliferation and
extracellular matrix secretioiXigohong Hu, et al., 2009)The GelMA hydrogels are
also applied as an in vitro model for investigatoedl and tissue morphogenesis in
3D, as well as for creating tissue constructs wiilsroscale control of 3D cellular
alignment and elongation that could have great ntiate for the engineering of

functional tissues with aligned cells and anisatrdpnction (Aubin H, et al., 2010).
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Photocrosslinked TGB1 incorporated GelMA hydrogels were also invesgdafor
promoting aortic valvular interstitial cell (VIC$ynction in vitro (Benton JA, et al.,
2009). GelMA as a tissue engineering scaffold dovariety of human cells were
investigated by tuning the porosity. Also, GelMAdnhggels have a concentration
dependent tunability of cell responsiveness to #redal cells in both 2D culture and
3D encapsulation. The compressive strength ofhiydrogel also increases with
increased concentration of the gel (Nichol JW, let 2010). Three dimensional
scaffolds that retain the enzymatic degradatiop@ry of ECM have been prepared
with GelMA that support porcine mesenchymal stetth axhesion, proliferation and
differentiation Qvsianikov A, et al., 2011) A modified cryogenic preparation of
GelMA hydrogels Vlierberghe SV, et al., 200@nd its cell interaction studies points
out the use of GelMA hydrogels for long term cudtstudies of human cellB@bruel

P, et al., 2007)

Poly HEMA hydrogels:

Poly(2-hydroxyethyl methacrylate), or poly(HEMAj)s one of the most
important hydrogels in the biomaterials world siitdegas many advantages over other
hydrogels. These include a water-content simitarliving tissue, inertness to
biological processes, resistance to degradatiomembility to metabolites, resistance
to absorption by the body and biocompatibilityt can be easily manufactured into
many shapes and forms, and be easily sterilizeoe most common example of

poly(HEMA) is its use as contact lenses.

Poly(HEMA) hydrogels were developed by Wichtene d.im (Wichterle O.,
and Lim D., 1960) which was primarily used as a swointact lens and, to a more
limited extent, as a general biomedical polymerfteAthe development of this
synthetic hydrogel, more attention was gained foe &pplication of synthetic
hydrogels as wound dressing. The Biomedical Potgriiechnology Unit at Chiang
Mai University has previously studied synthetic lngels based on HEMA for use as
wound dressings (Siriwittayakorn T, et al., 200ladisilp M, et al.,, 2003).
Regarding the low-fouling property, polyHEMA pre¥ennon-specific protein
adsorption (Lord MS, et al.,, 2006) and cell adheqiGook AD, et al., 1993). A
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copolymer of polyHEMA and PEG-MA hydrogels were wimoto have increased
resistance towards non-specific protein adsorptzomd bacterial adhesion than
polyHEMA alone (Oh Hyun Kwon, et al., 2003). Fuatimore, quantitative hydroxyl
functional groups of polyHEMA can be chemically nfatl to facilitate
immobilization of molecules (Martin SM,et al., 2008uch as collagen, that are
capable of modulating and enhancing wound healifige surface modification with
collagen and other ECM proteins have shown to &blestin physiological solutions
and enhanced the adhesion and growth of mesenctstroatal cells and astrocytes
(Brynda E, et al., 2009).

Antibody loaded polyHEMA hydrogels have been inigeged as antibacterial
wound dressings with sustained antibacterial eftgatb 12 days (Tsou TL, et al.,
2005). PolyHEMA hydrogels are nonbiodegradable sl property reduces its use
as a tissue engineering scaffold. But severalietudhave proven to produce
biodegradable hydrogels with specific crosslinkingechanisms with peptides
(Casadio YS, et al.,, 2010). Also, the techniquess greparation of polyHEMA
hydrogels with controlled pore architecture haverbdeveloped (Studenovska H, et
al., 2008) indicative of the increased interegpafyHEMA for tissue engineering and

regeneration.
Antimicrobial wound dressings:

An ideal wound dressing should enhance the wowadirtg as well as should
prevent infections at the wound site. The deliveinantibiotics to local wound sites
may be a preferred option to systemic administnafar several reasons. Antibiotic
doses needed to achieve sufficient systemic efffigieoften results cumulative cell
and organ toxicity like in the ears and kidneystiiEla BN, et al., 2006). The use of
dressings to deliver antibiotics to wound sites paovide tissue compatibility, low
occurrence of bacterial resistance and reducedendmce with wound healing. The
use of lower antibiotic doses within the dressiafg reduces the risk of systemic
toxicity considerably. In addition, local delivefyom dressings can overcome the
problem of ineffective systemic antibiotic therapgsulting from poor blood
circulation at the extremities in diabetic footens.
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The purpose of applying antibiotics and other madterials is mainly to
prevent or combat infections especially for diabébot ulcers, surgical and accident
wounds where the incidence of infections can bé ldge to reduced resistance
resulting from extreme trauma. Common antibiotiosorporated into available
dressings for delivery to wounds include dialkylmnoylchloride which is
incorporated into Cutisorb a highly absorbent cottol dressing, povidone-iodine
used with fabric dressing and silver used with nadsthe modern dressings. Other
antibiotics delivered to wounds include gentamyoinm collagen sponges, ofloxacin
from silicone gel sheets and minocycline from cbeéto film dressings. Treatment of
dermal depth burn wounds using antimicrobial refeasilicone gel sheets which
promotes epithelisation of superficial burns hasrbelescribed by Sawada et al
(Sawada v, et al., 1990).

Incorporation of antimicrobial agents to dressihgs also being investigated
for their role in preventing infection without atttng wound healing (Phaneuf MD,
et al., 2005). Antiseptic agents like lodine, Boedc have also been investigated for
preventing infections during wound healing. The wd topical antiseptics came
under severe criticism in 1980s and 1990s withntlaén target being those antiseptics
that were identified as cytotoxic in vitro not ority micro-organisms but to the host’s

own cells.

Silver containing dressings are one such new groluplressings and are
available in a variety of forms including foams,dnyfibres and hydrocolloids, all
containing free silver ions as the active ingretli&ilver has long been recognized as
a powerful antimicrobial and was used as early&85 or dressing surgical wounds
and minimizing post-operative infection (Lansdow®03). Silver is an effective
broad spectrum antimicrobial agent due to its ability to bind to the DNA of bacteria
and bacterial spores, reducing their ability to replicate (Ballard 2002) and is
reported to be effective against almost all known bacteria including fungi and some
viruses. The silver binds to the cell membranes causingifsignt damage and
preventing replication (Ballard 2002). Silver safiuch as silver nitrate and silver

sulphadiazine were commonly applied to burns (Bow2803). Silver can be
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delivered to a wound in a number of chemical foatiohs including metallic,
nanocrystalline or ionic silver. A preparation nave a high concentration of silver
but the availability of the silver to the wound magry. For this reason studies may
use the term ’free’ silver to describe the amouhtbimavailable silver from the
product. The amount and rate of free silver reldaseto the wound surface will
impact on its antimicrobial activity and Lansdowasireported that levels in excess of
20 mg/l demonstrate the best results (Lansdown)20@2wever, a cost-effective use

of silver incorporated wound dressing is to be tlewed.

The silver nano particles (SNPs) have gained matiention for its
antimicrobial effect at very less concentratiorselit, which is not harmful for the
mammalian cells. 0.1% (w/w) SNPs incorporated iR@L scaffolds, for example,
are found to be effective as antimicrobial agend aontoxic to endothelial cells
(Ragaseema V, et al.,, 2011). For burn wound agpdics, silver nanoparticle
dressings are found applicable (Chen J, et al.6R00Also, SNPs show anti-
inflammatory effect on wound healing in thermaby, diabetic wound, and chronic

wound models (Tian J, et al., 2007).

Copolymer s of Gelatin and synthetic biomaterials:

Gelatin is applied in combination with several $wtic biomaterials to
prepare suitable scaffolds to exploit the cell bgdsites of Gelatin and the
mechanical properties of synthetic biomaterialslylggMA — Gelatin composite
polymers have shown to possess improved abilitgédirculture than each one alone
(Santin M, et al., 1996). Also, combination of PEG GelMA hydrogel have
improved its mechanical properties and the comeos$iydrogels had tunable
properties like, strength, hydration, enzymaticrddgtion, 2D attachment and growth
of fibroblast as well as 3D encapsulation (Hutsd €t al., 2011). Interpenetrating
Networks of GelMA hydrogel — elastomer (polyuretearHydroThane) composite
biomaterial with increased tensile properties hstvewn the applicability of GelIMA
in combination with synthetic biomaterials as a nduressing (Peng HT, et al.,
2008).
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Mechanical strength of a hydrogel directly corretatwith its handling
properties. The GelMA hydrogel strength directgpdnds on the crosslinking and
which in turn depends on the methacrylamide suligiit. So the mechanical
strength can be tailored by increasing the degfreselustitution. However, the gelatin
hydrogels have an intrinsic property of fast degtemh under physiological
conditions irrespective of the degree of subsbtutiand crosslinking and
methacrylamide substitution.  The combination of ING® with a synthetic
nonbiodegradable polymer like cross linked polyHEMAN improve its tensile
properties and reduce degradation, through incdeasesslinking with hydrophilic
moieties of polyHEMA. Because gelatin is derivednfr collagen (i.e., the main
constituent of the ECM), the developed materials mimi the cellular
microenvironment from a chemical point of view. dddition, for an antimicrobial
wound healing dressing, incorporation of Silver ayaarticle is preferred in controlled
guantity that is nontoxic to fibroblast cells. TR&G protected SNPs can provide
additional advantage to the GelMA-HEMA compositeea&lent from the previous

literatures.

HYPOTHESIS:

“Copolymerization of methacrylamide modified Galaand HEMA in the
presence of PEG protected Silver Nanoparticlesgustdox initiators can be used to
develop antimicrobial tissue engineered scaffoldb appropriate strength and strong
water intake characteristic which also support afiachment and proliferation of

dermal fibroblasts and may be used as a woundngediessing material.”
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OBJECTIVES:

» Synthesis of Gelatin methacrylate (GelMA).

» Characterization of GeIMA monomer & HEMA

» Polymerization of GeIMA-HEMA composite hydrogelsthviand without
PEG protected Ag nanopatrticle.

» Characterization of hydrogels: Chemical, SwelliMgchanical, Porosity.

> Evaluation of cytocompatibility of composite hydedg using dermal
fibroblast monolayer culture.

» Evaluation of 2D attachment and proliferation diréiblast cells on composite

hydrogels with and without Ag nanopatrticles.
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CHAPTER 2

MATERIALSAND METHODS

MATERIALSAND INSTRUMENTATION

The materials and instruments used are listeables below:

Table: List of Materials used
S
N Name of Chemical Grade Source
0.
1 | Gelatin Type A (from PorcineLaboratory | Sigma Aldrich, USA
skin) Grade
2 Methacrylic anhydride Laboratory | Sigma Aldrich, USA
Grade
3 | Sodium chloride GR Merck, Germany
4 | Potassium chloride AR SBEine Chemicals, Indig
5 Potassium dihydrogen phosphate GR Merck, Germany
6 Disodium hydrogen phosphate GR Merck, Germany
7 | Potassium bromide Spectroscopiderck, Germany
Grade
8 2-hydroxyethylmethacrylate LR Merck, Germany
[HEMA]
9 | Polyethylene Glycol 200 Laboratory | Merck, Germany
Grade
10 | Polyethylene Glycol 3400 Laboratory | Sigma Aldrich, USA
Grade
11 | Sodium metabisulphite AR Sbine Chemicals, Indis
12 | Potassium persulfate AR Fine Chemicals, Indig
13 | Conc. Hydrochloric acid AR SBine Chemicals, Indis
14 | Iscove’s modified DulbeccolsCell culture| Invitrogen, USA
Minimal Essential Medium — F1Rgrade
15 | Antibiotic-antimycotic solution Cell culturelnvitrogen, USA
grade
16 | Foetal Bovine Calf Serum Cell culturénvitrogen, USA
grade
17 | Typsin-EDTA Cell culture Invitrogen, USA
grade
18 | Texas red - Phalloidin Cell culturéolecular Probes, USA
grade
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19 | Trypan Blue Cell culture| Sigma Aldrich, USA
grade
20 | Vibrant apoptosis assay kit Cell culture| Molecular Probes, USA
grade
21 | Anti-PCNA antibody Cell culture| Molecular Probes, USA
grade
22 | Formaldehyde Laboratory | Merck, Germany
Grade
23 | Dialysis tubing Laboratory | Sigma Aldrich, USA
Grade
Table: List of EQuipments used
Sl.
N Name of Equipment M odel Make
0.
1 FTIR Spectrometer FT/IR-6300 JASCO, Japan.
2 FT Raman Spectrometer RFS 100/S Bruker, Germany.
3 UV-Vis Spectrophotometer UVv-1800 Shimadzu, Japan.
4 Micro Computed Tomography uCT-40 Scanco Medical AG,
Switzerland
5 Universal Testing Machine Instron-3365 InstrosAJ
Environmental Scanning Quanta 200 FEI, Netherlands
Electron Microscope
7 Phase contrast microscope DMIRB Leica, Germany
8 CQ incubator Thermo Thermo electron Ltd.
USA
9 Flow cytometer FACS ARIA BD Biosciences, USA
10 | Lyophilizer Alpha 1-4 LD Christ, Germany.
11 | Deep freezer Model 902 Thermo Scientific, USA.
12 | Hot air Oven JO18 Pyrodevices, India.
13 | Incubator 151 NSW, India.
14 | Rotary evaporator (Rotavap) RV06-ML, HKA, Germany
Basic
15 | Abbe Refractometer 3T ATAGO, Japan
16 | Improved Neubauer Countinddromma BROMMA, Sweden
chamber S16126
17 | Schott Automatic Viscosystem CT-62 Schott, Gewyna
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METHODS

[.MOLECULAR WEIGHT DETERMINATION OF GELATIN:

Viscosity average molecular weight of Type A Gelgfrom Porcine skin)
was determined using the Ubbelohde viscometer aimbtSautomatic viscosystem
apparatus . 100mL Stock Gelatin solution (Conesioin = 0.01g/mL) was prepared
in deionised (DI) water with continuous stirring o days at 40 °C. Four working
standards with concentrations 0.02g/dL, 0.03g/dlQ4¢/dL and 0.06g/dL were
prepared in 25mL standard flasks from the stocke Tate of flow of standards and
DI water (Blank) were measured, taking 10 readipgs sample, in the Ubbelohde
viscometer at 25°C. The average rate of flow wseduto calculate the specific

viscosity,nsp using the equation:
nsp = (t-lo) / to,

Where, t is the average rate of flow of standard @ms the average rate of
flow of DI water blank. The reduced viscosity wadculated asng,/ €), where ¢ is
the concentration of standard. The Y-intercephefstraight line graph obtained after

plotting Reduced viscosity Vs Concentration wagtaés the Intrinsic viscosityX

The viscosity average molecular weight of Gelatas determined using the

Mark — Houwink equation.
[Tlsp ICle—0 = KM?,

Where, K and ‘a’ are Mark — Houwink constants avidis the viscosity
average molecular weight (Mv). From literatures Bvdoke Zhao, 1999), the values

for K’ and ‘a’ were taken as (1.10 x)0and 0.74 respectively.
1. SYNTHESISOF GELATIN METHACRYLATE MONOMER:

Type A porcine skin gelatin was mixed at 10% (wiajo Dulbecco’s
phosphate buffered saline (DPBS) at 50°C and dtimwetil fully dissolved.
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Methacrylic anhydride was added dropwise at a cit®.5mL/min to the gelatin
solution under stirred conditions (200 rpm) at 509l the target volume was
reached and allowed to react for 3 hrs. Follovartex dilution with additional warm
(40°C) DPBS to stop the reaction, the mixture wiatyged against de-ionized water
using 12 - 14 kDa cutoff dialysis tubing for 1 weak 40°C to remove salts and
unreacted methacrylic acid. It was then distilledler vacuum at 40°C for 3 hrs to
remove excess water. The viscous solution obtawed snap frozen in liquid
Nitrogen (-192°C) and lyophilized for 3 days to gat off-white solid of GelMA

monomer and stored at -50°C until further use. rElaetion set up is shown in Fig 5.

Fig.5: Synthesis of Gelatin M ethacrylate monomer (GelMA)

The yield of GelMA production was calculated as:

Yield (%) = [Dry weight of GelMA/ (Weight of Gelatin + Weight of MA)] x 100
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[1l. CHARACTERIZATION OF MONOMERS:
1. FTIR Spectroscopy:
1.1. KBr Pellet method:

Fourier Transform infra red spectroscopy was ueethairacterize the GelMA
monomer using KBr pellet technique. Samples wenedaoed fine by grinding a
small amount (~ 0.1 mg) of GelMA with anhydrous K@r300) in a smooth agate
mortar. The fine powder was then made into a tmmsparent disk using the
hydraulic hand press under 10 ton pressure for taBominutes. KBr without

monomer was used as the control.

After warming up the instrument for 20 minutes, thmckground
measurements were taken with the transparent pressisk of KBr. The sample
disks were monitored after background measuremssitsy the “Spectra manager”
software. Spectra were collected in the range-48000 crif using at least 16 scans
at a resolution of 4 cth The obtained FTIR spectra were processed foelinas

corrections, C@peak removal, smoothening and labeling of peakgyubke software.
1.2. NaCl Cell Method:

To measure the FTIR spectra of liquid samples sakfHEMA and SNP
solution in PEG, NaCl Cell was used. A drop of penwas placed in between the
cells to get a uniform thin film of the sample. €Tbell containing the sample was
then placed in the sample chamber and its spectnas measured after the
background scan. The NaCl cell alone was usedhrbickground measurements.
The spectrum was processed using the “Spectra regnagftware. Spectra were
measured in the range of 400 — 4000"aming at least 16 scans at a resolution of 4

cm?.
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2. FT Raman Spectr oscopy:

Dried GelMA was subjected to FT-Raman spectroscefudies.The sample
was filled into the sample cup and placed it ongdmple stage which is controlled by
a XYZ motor to focus the LASER. The sample wascg@thfacing to the optical
system and using XYZ motor, the reference LASER-{¢e LASER, 1064 nm
wavelength) was focused in the area of interesthef sample. = OPUS software
package was used to measure FTRaman spectrum @\WL13ASER power (Nd-
YAG LASER) with the use of a pre-cooled Germaniuatedtor. The interferometric
set up associated with the optical system provitesferogram at the output which is
converted to spectra (spectral range - 3600-50) dmterms of wave numbers using

Fourier transformation.
3. UV spectroscopy:

The UV spectra of GeIMA monomers were taken udd®€r— 350nm range in
a UV-VIS spectrophotometer. 1% solution of GelM#\() in DI water was used for
recording the spectra. DI water alone was usedbdseline corrections. Using “UV

Probe” software associated with the spectrophotemtite peaks were labeled.
4. Refractive Index:

The purity of distilled HEMA was checked by measgrthe Refractive Index
using refractometer. A drop (about 1mm diametethefsample was placed on to the
polished surface of the test piece, after wipirg iiain prism surface and test piece
clean, and fixed to the centre of main prism st tha drop of sample spreads into a
thin film. Upon illumination and viewing through eh eyepiece, the colour
compensator knob was turned to get a boundanbkteeen the upper red and lower
blue regions. The boundary line was then align#éh the intersection of the crossed
lines in the refraction field of vision and scakading was noted as the refractive

index of the sample at room temperature.
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V. PREPARATION OF SILVER NANOPARTICLES (SNPs):

PEG protectedilver nanoparticles were prepared as per a repgitededure
(Ragaseema V et al., 201@EG 3400 (3.88g) was dissolved in 10mL of PEG 200 a
80°C with stirring. After dissolution, temperature dfet solution was decreased to
40°C followed by the addition of silver nitrate Xg) with mild stirring so that a clear

brown solution was obtained.
V. PREPARATION OF HYDROGEL:

10%, 20% and 30% GelMA (w/v) solutions were predaby dissolving
adequate amounts of lyophilized monomer in DI wBteBS by heating at 40°C with
stirring. 80% (w/w) distilled HEMA (containing 3% EGDMA) was added to this.
PEG protected silver nanoparticle solution was dddeget 0.1% (w/w) of the total

monomer weight and kept stirring for 15min at 40°C.

From this stock solution, required volumes of moeorand initiators were
aliquoted in the ratio of 5:1:1. 3% (w/v) Sodium taf@sulphite and Potassium
persulfate were used as the redox initiators. rAftiling the initiators, the gels were
cast on to the required mold and incubated forrBi8utes for gelation and removed

from the mold and washed in DI water/DPBS and dseturther studies.
VI.CHARACTERIZATION OF HYDROGEL:

1. Chemical characterization:

1.1. Attenuated Total Reflection (ATR):

To characterize the hydrogels, ATR method was ,usedhich, the hydrogel
sample of 7cm length, 1.5cm width, and 2mm thickness placed on to the Zinc
Selenide horizontal flat plate sample holder ATReasbly of a FT-IR spectrometer.
Background measurements were done without the sammpé spectra were measured
between 650 — 4000 ¢hrange with 72 scans per sample at a resolutignoofi’.
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1.2. FT Raman spectroscopy:

The hydrogel samples were air dried and placetb@nclean glass slide. The
slide was then placed on the sample stage anddedtdhe FTRaman spectra as

mentioned eatrlier.
2. Swelling Studies:

Six different formulations were used to preparefthérogel as provided in the

following table.

S| No. Name Compenents
GelMA (mg/mL) | HEMA (uL/mL) | PEG-SNP (uL/mL
1 G-10% 100 - -
2 GiodHso 100 80 -
3 GoooHso 200 153 -
4 GzodHso 300 224 -
5 GzooHs0Ag 200 153 57.1
6 GzooHs0AY 300 224 85.7

G: GelMA; H: HEMA,; Ag: silver; SNP: silver nanopate.

Six samples (7cm x 1.5 cm x 0.2 cm LXWxT) each fiten different hydrogel
compositions were prepared and placed in DI wdt8i72C for 24 hrs. Samples were
removed from DI water and blotted with tissue pajeremove the residual liquid
and the swollen weight was recorded. It was Iyl at -66C under vacuum for
nearly 4 hours and weighed to get the dry weighgatymer. The mass swelling ratio

was then calculated as the ratio of swollen hydrogess to the mass of dry polymer.
Mass Swelling Ratio = Initial swollen weightDry weight

The dried hydrogels were put in DI water again48rhrs and weighed again
to check the rehydration. The rehydration ratioswalculated as the ratio of

rehydrated weight to the initial swollen weight.
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Rehydration Ratio = Rehydrated weidhinitial swollen weight
The percentage swelling, S%, was calculated frarfdhowing equation:
S% = [(M- Mo)/Mg] x 100

Where M is the mass of the dry gel at time 0 andisthe mass of the swollen gel at

time t.
3. Mechanical testing:

Mechanical properties of hydrogels were determingidg Universal Testing
Machine (Instron 3365). Hydrogel samples with 7lemgth, 1.5 cm breadth, and
2mm thick were prepared and incubated in DI waber2dhrs prior to testing. The
samples were preconditioned by keeping for 1hih& room temperature where the

test is to be conducted.
3.1. Tensile Strength:

Six samples per group were prepared and pre ¢oneld as mentioned above
for measuring the tensile strength. To test thesike strength, the samples were
blotted surface dry, both ends of the rectangudan@es were clamped into the gigs
and the test was conducted at a cross head sp&&dchai/min using a 10 N load cell.
The ultimate stress and strain parameters werelletdc, respectively, as the force
(load) at break divided by cross-sectional ared,asthe elongation at break divided
by the initial length (Gauge length = length invke¢n the clamping heads) of the

hydrogel sample.
3.2. Compressive strength:

Rectangular pieces of samples were prepared adiomesh above and
preconditioned. From these samples, 8mm diameas dvere punched using
stainless steel punch and eight discs per group weed for measuring compressive

strength. The disc was blotted dry and compreasedrate of 20% strain/min using
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load cell 10N. The compressive modulus was detexthias the slope of the linear

region corresponding with 0%—-10% strain.
4. M or phology:

Morphology of the hydrogel samples were studieéthgisEnvironmental
scanning electron microscope (ESEM). The dried aet hydrogel samples were
placed on the Aluminium stub and observed using Vaauum mode of the ESEM.
The images were acquired at different magnificatiofibroblast cells spread on the

hydrogel were also observed using ESEM.
5. Porosity and 3-dimensional microar chitecture:

Lyophilized hydrogel samples were used for theopity measurements using
micro-computed tomography. The samples were placdte sample holder (PMMA
tube) for detecting the X-ray attenuation and sgcamwas performed with 45kV X-
ray energy, 177pA intensity and 10pum resolution (8Ize thickness). Two
dimensional reconstructions was done using Conmlagorithm. Region of interest
in the 2D slices were contoured and 3D evaluaticas wwerformed by setting
appropriate threshold value of X-ray attenuatiorattual 3D image of the sample.

Pore and sample thickness distribution images @rustograms were also generated.
6. Silver leaching Evaluation:

To check the leaching of SNPs into the mediumvesilncorporated hydrogel
samples were incubated with DI water for differenérvals with complete change of
water after every 24 hrs. SNP on reaction withH@®I showed turbidity correlated to
the concentration of nanoparticles, and which wassured turbidometrically as %
transmission at 480nm using UV-Vis spectrophotomeWith known concentrations
of SNP, a calibration plot was drawn and was usedHte quantification of silver
leaching into water by mixing 3mL of the collecte@ter at each time period with

3mL of 1N HCI and then measuring the turbidity.
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VII. BIOLOGICAL EVALUATION OF HYDROGEL:

1. Cdll culture;

Isolated sheep dermal fibroblast cells were usediological evaluation of
the hydrogel. The cells were cultured in 35mm ditanculture dishes using DMEM-
F12 medium containing 10% (v/v) Foetal BovineSer(ffBS) and and 1% (v/v)
Antibiotic-antimycotic solution. The seeded cu#fudishes were incubated at 37°C
with 95% humidity and 5% C£in CG, incubator. The medium was changed every
day and images were taken using phase contrasvsoimpe after the culture became

confluent monolayer. At this stage trypsinizatwas performed as follows:

The cells were washed with serum free medium (SEBRBr removing the
culture medium from the dish. 1mL of Trypsin-EDTA.05%) solution was added
and incubated for 5 minutes at 37°C. The plate® ween observed under a phase
contrast microscope to confirm the detachment ¢i§ deom the dish and 1mL of
serum containing culture medium was added to bloghsin activity. It was then
centrifuged at 500g for 5 minutes to pelletize dedls. Supernatant was discarded
and the pellet was resuspended in 3mL fresh cuihedium. From this, 1mL each

was used for seeding into three new 35mm cultigieadi (1:3 split ratios).

2. Cytocompatibility:

For cytocompatibility studies direct contact methwvas used. Hydrogel
samples used for biological evaluation were casdeu sterile conditions, into 1.5 cm
diameter discs with 2mm thickness in the 24 welture plates. The discs were then
washed in sterile PBS for 3 days with intermittendnges of PBS. Discs were then
sterilized by washing with 70% ethanol for 15-2(hates. It was again washed three
times in sterile PBS and soaked in it for 1hr.w#s then conditioned by soaking in

SFM medium for three days with changing the medawvery day.

The hydrogel discs conditioned in the SFM werentpéaced onto the sub-
confluent monolayer culture in 35mm culture plasesl incubated for 24-48 hrs at
37°C in CQ incubator with 95% humidity and 5% GQ®@o observe the changes in
morphology and cell death through phase contrastascope.
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Following experiments were carried out to studg ttytocompatibility of

hydrogel samples.

2.1. Cell Viability assay:

Trypan blue exclusion assay was used to quartéycell viability in presence
of hydrogel. The cells cultured in presence ofrbgel for 72hrs as mentioned above
were harvested by trypsinization after removingdbefrom the dish. The cell pellet
was then resuspended in 1mL sterile PBS. Trypae Btain was diluted in 1:9 ratio
with DPBS and mixed 90uL stain to 10uL cell suspmns About 20pL was taken
into the Neubauer counting chamber and counted rud@X magnification of

microscope.
The number of cells in the sample was calculaggithe equation:

No. of cells = (Total no. of cells counted / No.szfuares counted) x Dilution x 1 X

10*

The percentage viability was calculated as foltayvi

Total No. of viable cellsrpaL of sample
Viability % = X100
Total No. of cells pet mof sample

2.2. Apoptosis Assay:

The Apoptosis of fibroblast cells in presence gtilogel were quantified
using Vibrant Apoptosis Assay kit. The cells growwrthe presence of hydrogel were
harvested by trypsinization and stained accordmght manufacturer’'s protocol.
After staining, the cells were washed, resusperidednnexin binding buffer and
analyzed using flow cytometer. The percentagds/ef apoptotic and necrotic cells

were estimated using Diva software associated flattcytometer.

2.3. Cell Proliferation by Immunostaining:

The fibroblast cells grown in the vicinity of hydyel samples were harvested
by trypsinization. The pellet was washed in PB8 fired by incubating in 3.7%
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formaldehyde for 30 minutes. The cells were theshed in PBS and stained with
FITC-tagged antibodies against proliferating celiclear antigen (PCNA) (1:200
dilution in 0.5% BSA). The cells were then anatyz#sing a flow cytometer to
distinguish PCNA-positive cells and their perceetagas calculated using Diva

software.
3. Two Dimensional Cell Attachment:

The washed hydrogel discs were placed onto 35mtarewplates and seeded
with trypsinized dermal fibroblast cells on the geld culture dish. After incubation
for about 48hrs, the gels were taken out and plaocéal a new sterile culture dish and
added 1mL fresh culture medium and incubated fdr®4 The plates were then
visualized through phase contrast microscope tergbsmorphology of attached

cells.
5. Cell adhesion and spreading:

The fibroblast cells incubated for 48hrs with hygkel disc were used for
visualizing actin filament assembly during cell adion and spreading.The plates
were washed with PBS three times after removingctilaure medium. Cells were
fixed in 3.7% Formaldehyde for 30minutes and wasagdin for three times with
PBS and treated with 0.2% Triton X100 (Permealifizagent). They were incubated
for 5-7minutes and washed three times again in PB&as red Phalloidin stain was
diluted in 1:500 ratio in 0.5%BSA and added to thigh under dark. It was then
incubated under dark at room temperature for Indrveashed in PBS three times and
soaked in PBS for 1hr to remove excess stain at 40orescence microscope was

used to observe the stained cells using green. filte
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CHAPTER 3
RESULTSAND DISCUSSION

|. Raw material characterization:

Viscosity averagemolecular weight of Gelatin Type A from porcine rski
used in the study was determined using viscom&bnique and calculated using
the Mark — Houwink equatiom(= KM?), after measuring the specific and reduced
viscosities. The intrinsic viscosity (Y-interceptyjas deduced from the Reduced
viscosity Vs Concentration graph. The moleculaigiveof Gelatin was obtained as
2.51 x 18. Gelatin was also characterized using FT-IR spscopy as shown in
Fig. 6.
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Fig.6: FT-IR spectrum of Gelatin.

Methacrylic anhydride (MAA) used for the conversiof Gelatin to GelMA
was used as received and characterized using t@fratry and FT-IR spectroscopy
before use. A value of 1.4530 was obtained asRhef MAA which compared
similarly with  reported values. FTIR spectrum MAA showed characteristic

absorption peaks (Fig 7) and compared well witloregal spectrum.
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Fig.7: FT-IR spectrum of MAA

II. Synthesis of Gelatin Methacrylate (GelMA):

Gelatin was chemically modified with methacrylgi®ups from methacrylic
acid formed by the hydrolysis of methacrylic anhgdrupon stirring at 50°C under
physiological pH (7.4). Concentrations of MAA weraried from 15 ml to 0.5 ml
with gelatin concentration remaining constant (5 ignb0 ml PBS) in the reaction
mixture and the yield of GelMA was calculated fr@ach batch. Yield was plotted
against the concentration of MAA as given in FigvBaximum vyield of 67.08% was
obtained was at 2% (v/v) MAA in the reaction mixwrhich is represented as a peak

in the graph.

Yield Vs MA volume

Yield (%)
.
5

0 2 4 6 8 10 12 14 16
MA Volume (mL)

Fig.8: Standardization of GElMA sysnthesisfor maximum yield (right) and dried
GelMA monomer (left).
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[11. Characterization of Monomers;

The monomers, GelMA and HEMA and PEG protectedesihanoparticles
used in the study were characterized using diftespactroscopic techniques as given

below:

GelMA was chemically characterized for the preseatdunctional groups
and specific bonds using FT-IR and FT Raman spsobfuy (Figs.9 and 10). An
examination of the IR & Raman spectra shows thepgisarance of the unsaturated
groups of MAA at 1636 cif(Fig 7) and the formation of the amide linkage
characterized by the 1658-1662 tnpeak (Fig 9). The UV spectrum showed
absorption maxima for GelMA at 254 nm and 284 nnarabteristic of the

chromophores present in gelatin methacrylate (E)g 1
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Fig.9: FT-IR spectrum of GelMA.
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Fig.10: FT Raman spectrum of GelMA.
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Fig.13: FT-IR spectrum of PEG protected Silver Nanopar ticles.
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Figs.12& 13 show the infrared spectra of distilléEMA and PEG protected
silver nanoparticles. HEMA was vacuum distilledréanove the inhibitor present.
HEMA shows characteristic strong hydroxyl absonptieak at 3431 cthester peak
at 1719 cnt, unsaturated C=C peak at 1635tmPEG also exhibits its absorption
maxima 3396 cm-1 and -C-H stretching at 2880"cBoth of them compare well
with reported absorption peaks for the monomerg. dirity of distilled HEMA was
also checked by measuring the refractive index.2B¢C, Rl for HEMA was
determined as 1.4498 and is found comparable Vhi¢hréported value (1.453 at
20°C).

V. Synthesis and char acterization of Hydrogel polymer

Redox Polymerization of 10% GelMA monomer alonedpiced a hydrogel
with very poor mechanical properties as evidencgdthe extremely high water
absorption characteristics (nearly 1117.5%), ditfic in handling and the tendency
for the hydrogel to disintegrate into smaller fragis when stored at pH 7.4.
Copolymerizing 10% GelMA along with HEMA monomer tine ratios 1:0.8, 1:0.4
and 1: 0.2 also yielded hydrogels with varying @elgtion times and poor mechanical
properties which was difficult to measure. But @svobserved that with increasing
concentration of HEMA, the degradation times inseghas shown in Fig 14.

GelMA L0t e R0 A Degradation times under different
N “ GelMA:HEMA ratios
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G G+H (1:0.2) G+H (1:0.4) G+H (1:0.8)
GelMA (10%) + HEMA GelMA (10%) + HEMA GelMA Q(M + HEMA GelMA:HEMA ratios
(100uL/mL) (80uL/mL) (60pL/mL)

Fig.14: 10% GelMA and HEMA composite hydrogels in different proportions
(left) and increased degradation time with increased HEMA in the composite
hydrogel (right).
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In order to improve the properties, the monomet&onin the polymerization

mixture was increased and hydrogel samples weggaped at different formulations,

shown in fig.15 and as mentioned in Table 1.

S| No. Name Components
GelMA (mg/mL) | HEMA (uL/mL) | PEG-SNP (uL/mL
1 G-10% 100 - -
2 GiooHso 100 80 -
3 GzooHs0 200 153 -
4 GzodHso 300 224 -
5 GoodHs0Ag 200 153 57.1
6 GzodHs0Ag 300 224 85.7

G: GelMA; H: HEMA, Ag: silver; SNP: silver nanopaite.
Table 1: Formulations of hydrogel samplesused in study.

In all the formulations used, the hydrogel samplad a 1:0.8 GeIMA:HEMA
monomer ratio though the total monomer concentnataried from 20 to 30% and all
the gels were found to polymerize within 5 minutesorporation of PEG protected
silver ions to induce antimicrobial property alsmded to improve the mechanical

properties as evidenced by the Fig 20.

GelMA -10%

G200H80Ag

Lyophilized hydrogel

Fig.15: Different hydrogel formulations
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The prepared hydrogel samples were characterizedg uspectroscopic
techniques, swelling studies and mechanical testidgter analyzing the results,
Goo0Hs0Ag formulation was selected for biological charaiei&ion after evaluating its

morphology, porosity and 3-dimensional micro awettitire.
1. Chemical characterization:

Spectroscopic characterization of hydrogel samyies carried out using FT-
IR spectroscopic technique as shown in fig.16. @osion of monomers to hydrogel
was monitored by disappearance of the unsaturatefinio linkage present at
1636¢mt using ATR-IR spectroscopy. While HEMA and GelMArrized primary
chemical bonds by polymerizing through their resipecdouble bonds by a redox
free radical mechanism, the PEG protected Ag natiofgs was bound only be

secondary forces and by the interpenetrating nétwor

% Transmittance(arb. units)

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
-1
Gelma Hydrogel Wavenumber(cm )

Gelma+Hema Hydrogel
—— Gelma+Hema+PEG—-Ag Hydrogel

Fig.16: Comparison of FTIR Spectra of Hydrogel for mulations.
2. Swelling Studies:

Hydrogel swelling studies were performed for tlkeéested four formulations
of hydrogel samples. The percentage swelling, Isvgetatio and rehydration ratio of

the four formulations were compared (Figs 17 & 18).
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The percentage swelling (S%) represents the watsorbability of hydrogels. The
GelMA hydrogels in combination with HEMA showed mificant swelling

characteristics as shown in Fig. 17. From the grapis evident that, the swelling
percentage or water absorbability is almost simitar both the concentrations of
monomers without PEG-SNPs and with SNPs. But, tiditian of PEG protected
silver nanoparticles is found to reduce the waigakie property considerably as
exhibited by the lower swelling % values which mlg attributed to increased

hydrophobic character of the gel after additiothef nanopatrticles.

Percentage swelling of different hydrogel formulations
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Hydrogel formulations

Fig.17: Percentage swelling of hydrogel

The swelling characteristics of hydrogels can dyeatffect the pore size and
diffusive and mechanical properties. The swellingo (initial swollen weight/dry
weight) represents the amount of water that a fgalroan absorb within initial 24hrs.
Similar to percentage swelling, the swelling ratiso shown almost similar values for
both the concentrations in two cases (with and with PEG-SNP). Here also, a
significant decrease in swelling ratio was obserbgdthe incorporation of PEG-
SNPs.

Swelling ratio of hydrogel formulations

G200H80 G300H80 G200H80Ag G300H80Ag

Swelling ratio
QO B N W b U0 N 0 O

Hydrogle formulations

Fig.18: Swelling ratio of different hydrogel formulations
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The rehydration of hydrogels is important as it ¢ave an idea about the
reproducibility of water absorption capacity andergion of properties like
morphology, porosity, mass transport, and mechamiagerties. The rehydration
ratio was calculated as the ratio of rehydratedIiswaveight to initial swollen weight
after incubating the dried hydrogel samples in wéde equilibrium swelling (48hrs).
The rehydration ratios of the two monomer conceiaing without incorporation of
PEG-SNPs did not show much difference as evideoin fithe Fig.19. But the
incorporation of PEG protected SNPs to thgd@ssAg samples shown maximum
rehydration, whereas the other formulation with hieilg monomer concentraion

(GsodHs0Ag) showed very poor rehydration.

Rehydration ratios of different hydrogel
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Fig.19: Rehydration ratio of hydrogel formulations
3. Mechanical characterization:

The mechanical properties of hydrogels are weltudeented to influence
cellular behavior, function, and differentiatiomsé they act as the extracellular
matrix (ECM) in vitro. The tensile and compressgindies of the hydrogel samples
were caried out to determine the mechanical prigsedf the hydrogel samples. The
10% GelMA and @oHsgo samples showed poor mechanical and handling prepe
and were found unsuitable for further studies itespf the fact that HEMA is likely
to contain traces of dimethacrylate monomer Etlg/lgiycol dimethacrylate (EDMA)
which facilitates crosslinking. The other four farlations were tested for tensile and

compression strength and the results are discumded.
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3.1. Tensile properties:

Tensile properties were characterized by measuhagnodulus of elasticity
(Young’s modulus), Tensile strength (Stress at maxn load) and elongation (strain
at maximum load). The modulus of elasticity (Yosngodulus) was found to
increase with increasing monomer concentration aith the addition of PEG
protected nano particles(Fig 19). An interestingeas in this study has been the
observation of increasing modulus and strength @ectease in strain values by
addition of SNPs which facilitated easier handlargl corroborated the application
side. The formulation G200H80Ag was chosen forhertstudies because of its
improved mechanical properties and rehydration @rtypcompared other three
batches.

Tensile Modulus of different formulations Tensile Stress of different formulations
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Fig. 20 : Tensile properties of Hydrogel formulations.
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3.2. Compression properties:

Compression test gives an idea about the abifitth® samples to retain the
morphology after compression and that directly edate with the ability of a dressing
material to persist any compressive forces uporiagion, under use and while
changing of the dressing. Also, the compressingngth is very important to support

the growth and proliferation of cells in vitro ammdvivo.

The compression test was performed for the samytbsand without SNPs at
the two monomer concentrations. 8mm diameter witim2thickness discs were used
for the study and the results are given in Fig.2lbw. By increasing the monomer
concentration and by the addition of PEG-SNPs dugkincrease in the compressive

modulus was observed.

Compression Modulus of Hydrogel Samples
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Fig. 21: Compression properties of hydrogel foumulations

From the above results, thed#soAg formulation was selected for further
studies such as 2D surface and 3D morphology, figrasd 3D micro architecture,
silver leaching evaluation and biological charaettion. The Gels were washed in
PBS for three days prior to conditioning in medibefore cell culture studies. The
gels before and after washing in PBS were usednforphology and porosity

evaluations.
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Fig.22: GopoHgoAg sheet with Imm thicknessin PBS.

4. Surface Morphology of £goHs0AQ:

Morphology of GocHspAg samples before and after washing in PBS were
studied using Environmental scanning electron nsicopy. The SEM images
showed considerable amount of pores in the lyagmdlisamples where as the swollen
samples were observed to possess smooth surfag@3fi The washed samples
showed pores distributed throughout the hydrogetemmiformly when compared
with the unwashed samples.

Fig.23: GoooHgoAg sample surface mor phology before and after washing in PBS.
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5. Porosity and 3D micro architecture:

Porosity and 3D microstructure ohddsoAg before and after PBS washing
were analyzed using micro computed tomography. @Bddphometric analysis was
carried out for GyoHgoAg sample before and after washing with PBS andegent
lyophilisation. Sample thickness distribution armtgsity distribution (Figs. 24 & 25)
were estimated. When the lyophilized unwashed sanplstored in PBS, the
hydrogel swells up after absorbing water therelpaexing the network structure and
this swollen polymer is lyophilized after deep re®. Higher porosity percentage
which was observed is likely due to the migratidnP&G molecules or unreacted
monomers from the hydrogel matrix.

Fig.24: GoooHsgoAg samples beforewashing: A) 3D mor phology image. B)

Pore size distribution image and C) Thickness distribution image.

Fig. 25: GaooHsoAg samples after washing: A) 3D mor phology image. B) Pore

size distribution image and C) Thickness distribution image.
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Micro CT varameter G200H80Ag G200H80Ag
P Befor e washing After washing
Total volume, mm 2.5124 2.2356
Scaffold Volume, mm 1.5173 0.8272
Scaffold Volume / Total 0.6039 0.3700
Volume
Porosity Volume (%) 39.61 63.0

An examination of the porosity of the,ddHspAg samples before and after
PBS wash are obtained as 39.6% and 63% respectiVély average pore sizes of the

two samples are found to be 25.3u and 32.8u fomshed and washed samples.

Pore size distribution histogram obtained for the samples are shown in
Fig.26. The samples before washing had a maximuB#df8% contribution by pore
size 24y and after washing, it had changed to amuax of 30.397% contribution by
pore size 30u. From all these results it can berpreted that, washing in PBS can

increase the porosity of the hydrogel to a smatemtx which may be due to the

swelling phenomena and dissolution of PEG in PBS.
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Fig.26: Pore sizedistribution in GooHgoAg samples, before and after washingin

PBS.
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6. Silver release studies:

It has been reported that, the PEG protectedrsil@roparticles can easily be
washed out from the polymers by incubating in w{Raigaseema V, et al., 2010).
Because of this property, any toxic effects ofeiland its oxides up on long term
contact to tissues or cells can be avoided. Thehiag of silver from the £&iHsoAg
samples after incubation with DI water were measut@rbidometrically as %
transmission of the silver chloride (at 480nm) fedrnupon reaction with 1N HCI
which directly correlate to the concentration d¥esi in the solution. The leaching for

three consecutive days were measured and showg BVF

Silver leaching evaluation
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Fig.27: Silver release up on incubation in DI water.

By the silver leaching study, the total amount Sfver released from
G200H80Ag sample is 5.73pug. Thus, from the knowncentrations of SNPs
incorporated in hydrogel (127.08 ug), the resid8AIP amount supposed to be
present in the hydrogel after three days washiadpait 121.35u9.

V. Cytocompatibility of G,ooHgoAQ:

Cytocompatibilty of the hydrogel sample was testesing sheep dermal
fibroblast cells isolated in the laboratory. Thedls were maintained in DMEM F12
medium containing Foetal Bovine Serum (FBS, 5%l amtibiotic-antimycotic

solution (1%). 1.5cfdiscs of GogHsoAg samples with 2mm thickness were used for
cytocompatibility evaluation.
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1. Cytocompatibility evaluation:

Compatibility to sheep dermal fibroblast cells wsadied by direct contact
method. The hydrogel discs were placed on the magaocultures after sterilization
of disc using 70% ethanol with final wash for thiesur in PBS. When cells were
observed under phase contrast microscope, 24h @dtéing the disc in fibroblast
monolayer, severe cytotoxicity with change in pHle# culture medium and rounded
dead cell morphology were seen Fig. 28 (A ). Thegttdnge indicated release of
residual monomers present in the hydrogel polynigerefore, prolonged washing of
gel in PBS for 24h and preconditioning in serumefrmmedium reduced the
cytotoxicity to a moderate level as evident by therphology evaluation Fig.28 (B).
Washing of gel for 24 also prevented pH change efliom. To further improve
cytocompatibility, gels were immersed in PBS wititermittent change of wash
buffer for three days. When these thoroughly wagleld were placed on fibroblast
monolayer, complete removal of cytotoxicity wasaed. These cultures were
viewed under phase contrast microscopy and obsahedormal spindle shaped
morphology of the fibroblast cells, around the disdl underneath the hydrogel disc
Fig. 29. It may be appreciated that due to thesfrarency of the material, cells that
grow below the gel could be viewed easily. In dlé tthree set of experiments
described, washing with PBS was followed by an ldzration with culture medium
for three days. For further culture and analysidags washing followed by three days
equilibration was employed. There was no redudiiosize of the gel after the entire
process of washing, equilibration and culture foeé days. No visible degradation

was noted.

Fig. 28: Initial toxicity images: A) severe cytotoxicity before gel washing and B) moder ate
cytotoxicity after 24hr washing of gel in PBS
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Fig. 29: Phase contrast micrographs showing cytocompatibility of hydrogels after washing and
conditioning. A) Control cells grown on tissue culture dishes, B) Cells incubated with hydrogel
for 72hrsand C) Spindle shaped fibroblast cells seen through the transparent hydrogel.

1.1. Viability assay:

The detailed analysis of the culture includednestion of cell death, cell
survival and proliferation in presence of hydrog@ieliminary evaluation was done
using trypan blue dye exclusion assay by countieiscin Neubauer counting
chamber within 5 min of treating the harvestedscelith Trypan Blue. A graphical
representation of data (average £ S.D.) from &mpathdent experiments is shown in
the Fig 30. From the graph the dead cell and d¢e# numbers are comparable in
control (culture well without hydrogel) and testitfwhydrogel). Therefore, this data
indicates that no incompatibility may be assigrethe hydrogel.
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Fig.30: Graphical representation of viability assay
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1.2. Flow cytometry for estimation of apoptosis:

In order to confirm the cell viability, apoptosissay was performed using the
vibrant apoptotic assay kit. It contained the Hd@hjugated Annexin which
specifically bind to the phosphatidyl serine of #moptotic cell membrane. The dead
cells are differentiated in the assay, using Piapdiodide which intercalates the
DNA of dead cells. The viable cells were countsdiastained cell population. The
number of apoptotic cells, dead cells and viablks eeere estmated with the help of

using DIVA software associated with flow cytometer.

Three samples were studied for both control aadréfated group (cells grown
in presence of hydrogel). A graphical represemtatid compiled data (average *
S.D.) obtained from the flow cytometric examinatiof the stained cells are
represented in Fig 31. It is evident from the grépt, the number of viable cells was
similar and comparable for both the control andated group. There was no
significant increase in number of dead or apoptcgtls for the test group as
compared to the control. The apoptosis assay ebeckhvell with the results of trypan
blue dye exclusion assay. This indicates the alesefidnduction of apoptosis in

presence of hydrogel.
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Fig. 31: Graphical representation of apoptosis assay
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1.3. Cell proliferation assay:

Cell proliferation was analyzed by immunostainifgy proliferating cell
nuclear antigen (PCNA) to study if the hydrogel pdamor its leachants exerts any
influence on proliferation of dermal fibroblast Isel The PCNA stained cells, from
both control and test were then analysed using dyo@meter. The histograms of
flowcytometric data is shown in the figure. Unstincells are used as negative
control (Fig.32.A), the cells grown on polystyredishes without also analyzed as
control (Fig.32.B). The proliferating cells wereufa in both the control and test.
This data suggest that the hydrogel did not exayt @egative influence on the
proliferation of fibroblasts. It was found that thember of proliferating cells were
higher in test sample (Fig.32.C), when comparech vaontrol (Fig.32.B). The
increase in number of proliferating cells may be tlmincreased surface area because
of hydrogel. It is possible that cells grew otlez gel and could not be distinguished
due to the gel transparency whether it grew abbew or on the sides of the gel.
This can be confirmed only if analysis is done gsenmvironmental scanning electron
microscope (ESEM).

2 PCMNA-CON PCNA-CON PCNA PCNA-S1
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Fig. 32: Histograms of PCNA expression. A) Unstained control, B) Stained
control cellsgrown on culture dishesand C) Cellsin presence of hydrogel.

2. Two dimensional cell attachment:

To check the ability of é@dHsoAg samples for supporting the attachment and
growth of fibroblasts, cells were seeded on to dbés. But, the gel placed on the
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monolayer culture showed cell attachment throughettiges which was confirmed by
transferring the gel alone to a new culture envitent supplemented with serum
containing medium. Upon observation under envirental scanning electron
microscope, well spread morphology of fibroblaslisceould be observed on the
edges of the disc Fig.33 the long term culture rabhigw cells to grow over the

hydrogel (not studied).
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Fig. 33: ESEM images of fibroblast cell spreading on to edges of GapoHsoAg

hydrogel at different magnifications.

3. Cell adhesion and spreading:

Fibroblast cell adhesion and spreading in presaifdeydrogel sample was
tested by actin staining. The control cells (grawrculture dish) and the cells grown
in the vicinity of the hydrogels were found to pess ability to spread and grow and

represented by the well spread network of actamfénts as shown in Fig.34.

Fig. 34: Actin staining of cells

grown below the disc.
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In summary, fibroblast did not grow in presencéydrogel immediately after
casting the gel. Extensive washing step improvee tytocompatibility when
fibroblasts were cultured in the presence of hydroghe gel supported cell
attachment, spreading, and proliferation. The ltwived for a period of 3 days (till
the end of present study) without any significaatl death. Cell attachment and
spreading was demonstrated using phase contrasisoopy and ESEM. Survival of

cells and ability to proliferate were demonstraisohg flow cytometry.
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CHAPTER 4
SUMMARY AND CONCLUSION

Gelatin methacrylate (GelMA) based hydrogels are widely used for analyzing the 2D and
3D cel interactions and as tissue engineering constructs in regenerative therapy.
Microengineered GelMA hydrogels are reported to tune the in vitro 3D cell elongation and
migration in different cell types like, fibroblasts, endothelial cells, cardiac muscle cells,
adipocytes etc. In al the cases, photopolymerization technique has been used earlier for the
polymerization of GelMA. Also, GelMA in combination with different hydrophilic and
biocompatible materials have been reported as a tissue engineering construct to study the in vitro
cell behavior. Redox polymerization of GelMA in combination with HEMA is a hovel approach
to produce composite tissue engineered constructs for wound healing application. In such a
scenario, the incorporation of an antimicrobial agent can provide additional advantage in

application level.

In present study, a GelMA hydrogel modified with HEMA and PEG protected silver
nanoparticle was developed and characterized with the future aspect of wound healing dressing.
The raw materials used for the synthesis of monomer GelMA: Gelatin Type A from porcine skin
and Methacrylic anhydride were first characterized spectroscopically for the presence of
characteristic peaks and the molecular weight of Gelatin was calculated viscometrically (2.51 x
10°). The synthesis of GelMA monomer was standardized to get maximum yield of about
67.08% at 2% (v/v) MA concentration. The synthesized monomer, distilled HEMA, and PEG-

SNPs were also characterized spectroscopically and compared with the polymer spectrum.

Different formulations of hydrogels were developed with different GelMA: HEMA ratios
and the formulations with good handling, mechanical and degradation properties were selected
for further studies. The selected formulations (GzooHso, GsooHso, GaooHsoAg and GzpoHsoAQ)
were characterized for swelling, mechanical and biological properties. The results obtained from
swelling studies gave a clear idea of the water uptake capacities of different formulations and the

comparative differences due to increased monomer concentrations and the addition of PEG-
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SNPs. The mechanical properties of hydrogels were also found to be influenced by the
increasing monomer concentration and SNP addition. From these two studies, the GopoHgoAg
formulation was observed to possess good rehydration properties and tensile and compressive

strengths compared to the other three formulations. Thus it was selected for further studies.

For biological evaluation of the hydrogels, removal of any eluting monomer or other
toxic materials prior to use is critical. Thus continuous 3 day storage in PBS was carried out and
the samples were used for 2D surface characterization (ESEM) and 3D morphometry and
porosity evaluation (MicroCT) to analyze any significant changes. The leaching of slver
nanoparticle is important in the case of a wound dressing material, as the long exposure to it may

cause toxicity to the surrounding tissue.

The 2D surface morphology evaluation of the lyophilized samples using ESEM, revealed
the presence of surface porosity which was in a uniform pattern in the gels stored in PBS
compared to the ones which were kept in dry condition. Three dimensional morphometry and
porosity evaluation using micro CT have shown that, the porosity and pore size distribution has a
tendency to increase after storage in PBS. Silver leaching for three days was also measured to
detect the amount of residual SNP present in the scaffold after storage, which is thought to
provide the required antimicrobial property.

Biological characterization of the scaffold was carried out by cytocompatability and 2D
cell attachment and spreading of sheep dermal fibroblast cells. The various cytocompatability
tests revealed that the hydrogel scaffold developed (GaooHgoAQ) is non-cytotoxic after washing
and has no adverse effects on the proliferation. It is also found not to induce apoptosis in
fibroblasts. Upon incubation of hydrogel samples on the subconfluent monolayer culture, it did
not produce any unfavorable effects on cell spreading as evident by actin elongation and network
formation in cells lied underneath the gel. The 2D cell attachment was observed only through
the edges of the hydrogel after incubation of about 3 days in the confluent monolayer culture and
it could be visualized through the ESEM. This result suggests that, the disc (1.5cm diameter and
2mm thickness) used was of excess thickness and optimizing the thickness of samples may

improve cell attachment and proliferation.
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From the results obtained, it can be concluded that, the GyooHgoAg hydrogel formulation
possess good mechanical and swelling properties, adequate porosity and cytocompatability
which are comparable with that of a tissue engineering constructs for wound healing application.
As awound healing dressing, the hydrogel scaffold should support the growth and proliferation
of fibroblast cells. The cell attachment and proliferation can be improved by the incorporation of
additional biological agents like fibrin. The incorporation of fibrin can produce additiona
advantage for the wound healing dressing, as it enhances hemostasis and cell attachment. The
hydrogel scaffold can also be modified by incorporation of growth factors that promote the cell
proliferation and thus enhancing wound healing response and thus improving the quality of
wound healing dressing. Considerable study needs to be done further to optimize the wound
healing property of the novel hydrogel material developed as this study was only paving the way
to explore the potential use of this excellent hydrogel for further skin tissue engineering

applications
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APPENDIX | — List of Reagents

1. Dulbecco’s Phosphate buffered saline (DPBS):
NaCl — 8g
KCl - 0.2g
KH2PO4 - 0.29g
Na2HPO4 — 1.7g
DI Water — 1000 mL
pH—7.4

2. Initiators:
Sodium metabisulphite (3%) — 0.3g in 10mL DI water

Potassium persulfate (3%) — 0.3g in 10mL DI water.

3. Fibroblast culture medium (50mL):
DMEM-F12 — 45mL
Foetal Bovine Calf Serum (FBS) — 5mL

Antibiotic-antimycotic solution - 500uL

4. 3.7% Formaldehyde (10mL):
Formaldehyde (37%) — 1mL
DPBS — 9mL
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APPENDIX Il — Images of Equipments Used

FT Raman Spectrometer

UV VIS Spectrometer
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Abbe Refractometer

Universal Testing Machine




Micro Computed Tomography (Micro CT)

FTIR Spectrometer

Schott Automatic Viscosystem
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Environmental Scanning Electron Microscope

Flow Cytometer (FACTS Aria)
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