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ABSTRACT

Recently, synthetic polymer hydrogels have emerged as a promising
biomaterial for biomedical applications because of their biocompatibility, water
absorption capability, degradability and better mechanical properties than natural
polymer hydrogels. Therefore, the current study was undertaken with the main
objective of developing modified poly(ethylene oxide) (PEO) hydrogel films
with poly(ethylene glycol) diacrylate (PEGDA), poly(ethylene glycol)
dicarboxcylate (PEGDC), poly(ethylene glycol) dimethacrylate (PEGDMA) and
hyperbranch polyglycidol (HPG) with enhanced properties using electron beam
(E-Beam) for three major applications namely wound dressing, anti-adhesion
barrier and tissue engineering scaffold.

Cross-linked PEGDA/PEO hydrogel was developed for wound dressing
application. PEO with different molecular weights and various PEGDA/PEO
compositions were irradiated in order to obtain cross-linked hydrogels using e-
beam with various beam intensities. The contents of the PEGDA influenced the
gel fraction, swelling ratio, mechanical properties, and water vapor transmission
rate. Healing under the wet environment of the hydrogel dressing was faster than
with a gauze control and a commercial reference. The results demonstrate the
possibility of the facile production of mechanically robust and transparent wound

dressing materials with improved wound healing characteristics.



The cross-linked PEGDC/PEO and PEGDMA/PEO hydrogels were
developed for an anti-adhesion barrier application. Three different compositions
(10% PEGDC, 10% PEGDMA, 5% PEGDC-5% PEGDMA) were used to
prepare crosslinked hydrogel films. Among them, 10% PEGDC hydrogel film
exhibited the highest tissue adherence. The result also indicated that the carboxyl
groups in PEGDC affect the tissue adherence of hydrogel films via H-bonding
interactions. In animal studies, 10% PEGDC anti-adhesion hydrogel film
demonstrated better anti-adhesive effect compared to Guardix-SG®.

A microporous hydrogel scaffold was developed from HPG and PEO
using e-beam induced cross-linking for tissue engineering applications. In this
study, HPG was synthesized from glycidol using trimethylol propane as a core
initiator and cross-linked hydrogels were made using 0%, 10%, 20% and 30%
HPG with respect to PEO. Increasing the HPG content increased the pore size of
the hydrogel scaffold, as well as the porosity. The pore size of hydrogel scaffolds
could be easily tailored by controlling the content of HPG in the polymer blend.
Evaluation of the cytotoxicity demonstrated that HPG/PEO hydrogel can function
as a potential material for tissue engineering scaffolds.

This study shows the potential of modified PEO hydrogel films in
biomedical applications especially as wound dressing, anti-adhesion barrier and

tissue engineering scaffold.
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CHAPTER |

INTRODUCTION AND MOTIVATION

I.1.  Review of hydrogel for biomedical applications

Polymer hydrogels are a still new, fast developing group of materials,
growing broad application in many fields, especially biomedical materials,
pharmacy, medicine and agriculture. One of the most promising class of
biomaterials seem to be hydrogels. The word “biomaterial” is generally used to
recognize materials for biomedical applications. For over thirty years hydrogels
have been used in numerous biomedical applications such as drug delivery, cell
carriers, wound dressing, tissue engineering scaffold, contact lenses, anti-adhesion
barrier and absorbable sutures as well as in many other areas of clinical practice.

Hydrogels are polymeric networks which have the ability to absorb and
hold water from 10-20% (an arbitrary lower limit) up to thousands of times their
dry weight within the spaces available among the polymeric chains. As the term
network implies, crosslinks have to be present to avoid dissolution of hydrophilic
polymer chains/segments into the aqueous phase. Hydrogels may be chemically
stable or they may degrade and eventually disintegrate and dissolve [1,2].

The water holding capacity of the hydrogels arise mainly due to the
presence of hydrophilic groups, viz. amino, carboxyl and hydroxyl groups, in the

polymer chains. Higher the number of the hydrophilic groups, higher is the water



holding capacity while with an increase in the crosslinking density there is a
decrease in the equilibrium swelling due to the decrease in the hydrophilic groups.
As the crosslinking density increases, there is a subsequent increase in the
hydrophobicity and a corresponding decrease in the stretchability of the polymer
network. As mentioned above, hydrogels are crosslinked polymeric networks and
hence provide the hydrogel with a 3-dimensional polymeric network structure [3].

The term hydrogel describes three-dimensional network structures
obtained from a class of synthetic and/or natural polymers which can absorb and
retain  significant amount of water. They are insoluble due to the presence of
chemical (tie-points, junctions) and/or physical crosslinks [4,5].

Hydrogel of many synthetic and natural polymers have been produced
with their end use mainly in pharmaceutical and biomedical fields [6]. Due to
their high water absorption capacity and biocompatibility they have been used in
many medical applications. A list of hydrogels with their applications is shown in
Table 1.

Table 1. Biomedical applications of hydrogels

Application Hydrogel

Wound healing | Polyvinyl alcohol, gelatin, carboxymethyl cellulose,
hyaluronan, poly(vinylpyrrolidone),

polyethylene glycol.
Cosmetic, xanthan, pectin, carrageenan, alginate, chitosan.
pharmaceutical.
Tissue Agaraose, poly(vinyl alcohol), poly(acrylic acid),




Engineering. hyaluronan, collagen.
Drug carrier Polyvinyl alcohol, carboxymethyl cellulose.

Contact lenses | Silicone hydrogel, PVA, Hema.

Anti-adhesion CMC, hyaluronate, PEG, PECE.

barrier

Dental Peptide hydrogel, hydrocolloids.
materials

Augmentation | CMC.

materials

Hydrogels are super absorbent polymeric materials which have significant
roles in health care especially for wound treatment / protection. From healthcare
points of view, hydrogel dressings have become a very interesting field of
research for the development of a user friendly medical device for mankind.

The water holding capacity and permeability are the most important
characteristic features of a hydrogel. The disintegration and/or dissolution could
happened if the network chain or cross-links are degradable [7]. The
Biodegradable hydrogels containing labile bonds, therefore advantageous in
applications such as tissue engineering, wound healing and drug delivery. The
labile bonds can be broken under physiological conditions either enzymatically or
chemically, in most of the cases by hydrolysis [8,9]. Biocompatibility is the third
most important characteristic property required by the hydrogel. Biocompatibility
calls for compatibility with the immune system of the hydrogel and its

degradation products formed, which also should not be toxic. Generally,



hydrogels possess a good biocompatibility since their hydrophilic surface has a
low interfacial free energy when in contact with body fluids, which results in a
low tendency for proteins and cells to adhere to these surfaces. Moreover, the soft

and rubbery nature of hydrogels minimises irritation to surrounding tissue [10].

I.2.  Methods to produce hydrogels

Hydrogels are broadly classified into two categories i.e. permanent /
chemical gel and non permanent/reversible / physical gel. Permanent or chemical
gels are covalently cross-linked (replacing hydrogen bond by a stronger and stable
covalent bonds) networks [11]. They attain an equilibrium swelling state which
depends on the polymer-water interaction parameter and the crosslink density
[12]. Meanwhile reversible / physical gel are held together by molecular
entanglements, and / or secondary forces including ionic, hydrogen bonding or
hydrophobic interactions. In physically cross-linked gels, dissolution is prevented
by physical interactions, which exist between different polymer chains [11]. All
of these interactions are reversible, and can be disrupted by changes in physical
conditions or application of stress [12]. Various hydrogels have been prepared for
various applications in pharmaceutical and biomedical fields.

The general methods to produce physical and chemical gels are described

below.
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Figure 1.1. Schematic of methods for producing hydrogels

I.2.1. Physical cross-linking

The various methods reported to obtain physically cross-linked hydrogels
are:
[.2.1.1. Heating/cooling a polymer solution

Physically cross-linked gels are formed when cooling hot solutions of
gelatine or carrageenan. The gel formation is due to helix-formation, association
of the helices, and forming junction zones [13]. Carrageenan in hot solution above
the melting transition temperature is present as random coil conformation. Upon
cooling it transforms to rigid helical rods. In presence of salt (K", Na", etc.), due

to screening of repulsion of sulphonic group (SO™), double helices further



aggregate to form stable gels. In some cases, hydrogel can also be obtained by
simply warming the polymer solutions that causes the block copolymerisation.
Some of the examples are polyethylene oxide-polypropylene oxide [9],
polyethylene glycol-polylactic acid hydrogel [12].
1.2.1.2. Tonic interaction

Ionic polymers can be cross-linked by the addition of di- or tri-valent
counterions. This method underlies the principle of gelling a polyelectrolyte
solution (e.g. Na' alginate’) with a multivalent ion of opposite charges (e.g. Ca*" +
2CIl'). Some other examples are chitosan-polylysine [14], chitosan-glycerol
phosphate salt [15], chitosan-dextran hydrogels [12].
1.2.1.3. Complex coacervation

Complex coacervate gels can be formed by mixing of a polyanion with a
polycation. The underlying principle of this method is that polymers with opposite
charges stick together and form soluble and insoluble complexes depending on the
concentration and pH of the respective solutions. One such example is
coacervating polyanionic xanthan with polycationic chitosan [16].
[.2.1.4. H-bonding

H-bonded hydrogel can be obtained by lowering the pH of aqueous
solution of polymers carrying carboxyl groups. Examples of such hydrogel is a
hydrogen-bound CMC (carboxymethyl cellulose) network formed by dispersing

CMC into 0.1M HCI [17]. The mechanism involves replacing the sodium in CMC



with hydrogen in the acid solution to promote hydrogen bonding. The hydrogen
bonds induce a decrease of CMC solubility in water and result in the formation of
an elastic hydrogel. Another example is polyacrylic acid and polyethylene oxide
(PEO-PAAC) based hydrogel prepared by lowering the pH to form H-bonded gel
in their aqueous solution [9].
1.2.1.5. Freeze-thawing

Physical cross-linking of a polymer to form its hydrogel can also be
achieved by using freeze-thaw cycles. The mechanism involves the formation of
microcrystals in the structure due to freeze-thawing. Examples of this type of

gelation are freeze-thawed gels of polyvinyl alcohol and xanthan [18].

1.2.2. Chemical cross-linking

Chemical cross-linking covered here involves grafting of monomers on
the backbone of the polymers or the use of a cross-linking agent to link two
polymer chains. The cross-linking of natural and synthetic polymers can be
achieved through the reaction of their functional groups (such as OH, COOH, and
NH2) with cross-linkers such as aldehyde (e.g. glutaraldehyde, adipic acid
dihydrazide). There are a number of methods reported in literature to obtain
chemically cross-linked permanent hydrogels. The following section reviews the
major chemical methods (i.e. crosslinker, grafting, and radiation in solid and/or

aqueous state) used to produce hydrogels from a range of natural polymers.



1.2.2.1 Chemical cross-linkers

Cross-linkers such as glutaraldehyde , epichlorohydrin, etc have been
widely used to obtain the cross-linked hydrogel network of various synthetic and
natural polymers. The technique mainly involves the introduction of new
molecules between the polymeric chains to produce cross-linked chains.
Hydrogels can also be synthesized from cellulose in NaOH/urea aqueous
solutions by using epichlorohydrin as cross-linker and by heating and freezing
methods [19].
1.2.1.2 Chemical grafting

Chemical grafting involes the polymerization of a monomer on the
backbone of polymer. The backbones are activated by the action of chemical
reagent. Starch grafted with acrylic acid by using N-vynil-2-pyrrolidone is an
example of chemical grafting [20].
[.2.1.3 Radiation grafting

Grafting can also be initiated by the use of high energy radiation such as
gamma and electron beam. The preparation of hydrogel of CMC by grafting CMC
with acrylic acid in presence of electron beam irradiation [21].
1.2.3. Radiation cross-linking

Radiation cross-linking is widely used technique since it does not involve
the use of chemical additives and therefore retaining the biocompatibility of the

biopolymer. Also, the modification and sterilisation can be achieved in single step



and hence it is a cost effective process to modify biopolymers having their end-
use specifically in biomedical application [22]. The technique mainly relies on
producing free radicals in the polymer following the exposure to the high energy
source such as gamma ray, x-ray or electron beam.
1.2.3.1. Aqueous state radiation

Irradiation of polymers in diluted solution will lead to chemical changes as
a result of ‘indirect action’ of radiation. The water radiolysis generates reactive
free radicals which can interact with the polymer solute:

H,O Ionising radiation "OH, H', H;0",H,0,, Hy,e'aq

The two main radicals present in saturated aqueous system react with
carbohydrates (RH) by abstracting carbon bound H-atoms.

RH +'OH (H) —— R’ + H,0 (Hy)
1.2.3.2. Radiation in paste

The cross-linking of hydrocolloids in aqueous paste-like conditions state
has received significant attention recently. Under these conditions the
concentration of the polymer is high such that both direct action of the radiation
can form free radicals and also there is also sufficient water present to be
radiolysed to form *OH and related radicals. There is thus a high concentration of
radicals in close association with the original polymer and other secondary
formed polymer radicals. Thus cross-linking to form new polymers can form by

way of radical-radical reaction and polymer - polymer radical reactions. If the



original polymer concentration is not sufficient to promote radical-radical
reactions then degradation will result. The presence of water promotes the
diffusion of macroradicals to combine and form cross-linked hydrogel network.
Also, the radiolysis of water generate free radicals (hydrogen atoms and hydroxyl
radicals), which increase the yield of macroradicals by abstracting H-atoms from
the polymer chain [7].

1.2.3.3. Solid state radiation

Irradiation of hydrocolloids in solid state induces the radical formation in
molecular chains as a result of the direct action of radiation. Here mainly two
events take place (i) direct energy transfers to the macromolecule to produce
macroradicals and (ii) generation of primary radicals due to the presence of water
(moisture).

The application of radiation processing of synthetic polymers to introduce
structural changes by cross-linking and special performance characteristics is now
a thriving industry. In contrast treatment of polysaccharides and other natural
polymers with ionizing radiation either in the solid state or in aqueous solution
leads to degradation as described above. Therefore, a method to modify structure,
without introducing new chemical groupings, could prove advantage, particularly

if the process could be achieved in the solid state.

1.3. Electron Beam

10



Electron beam processing or electron irradiation is a process which
involves using electrons, usually of high energy, to treat an object for a variety of
purposes. This may take place under elevated temperatures and nitrogen
atmosphere. Possible uses for electron irradiation include sterilization and to
cross-link polymers.

Electron beam processing involves irradiation (treatment) of products
using a high-energy electron beam accelerator. Electron beam accelerators utilize
an on-off technology, with a common design being similar to that of a cathode ray
television.

Electron beam processing is used in industry primarily for three product
modifications:

a). The cross-linking of polymers through electron beam processing.
Cross-linking is the interconnection of adjacent long molecules with networks of
bonds induced by electron beam treatment. When polymers are crosslinked, the
molecular movement is severely impeded, making the polymer stable against
heat. This locking together of molecules is the origin of all of the benefits of
crosslinking. Electron Beam processing of thermoplastic material results in an
array of enhancements, such as an increase in tensile strength, and resistance to
abrasions, stress cracking and solvents [23].

b). Chain scissioning or polymer degradation can also be achieved through

electron beam processing. The effect of the electron beam can cause the
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degradation of polymers, breaking chains and therefore reducing the molecular
weight. The chain scissioning effects observed in polytetrafluoroethylene (PTFE)
have been used to created fine micropowders from scrap or off-grade materials.
Chain scission is the breaking apart of molecular chains to produce required
molecular sub-units from the chain. Teflon (PTFE) is also Electron beam
processed, allowing it to be ground to a fine powder for use in inks and as
coatings for the automotive industry [24].

c). Sterilization with electrons has significant advantages over other
methods of sterilization currently in use. The process is quick, reliable, and
compatible with most materials, and does not require any quarantine following the
processing. For some materials and products that are sensitive to oxidative effects,
radiation tolerance levels for electron beam irradiation may be slightly higher than
for gamma exposure. This is due to the higher doses and shorter exposure times of
e-beam irradiation which have been shown to reduce the degradative effects of
oxygen [24].

Irradiation creates free radicals which will often chemically react in
various ways, sometimes at slow reaction rates. The free radicals can recombine
forming the crosslinks. The degree of crosslinking depends upon the polymer and
radiation dose. One of the benefits of using irradiation for crosslinking is that the
degree of crosslinking can be easily controlled by the amount of dose. Other

subtle influences include the additives in the base polymer and the type of

12



radiation used (related to the dose). Another influence which may not be as subtle
is oxidation during irradiation. This effect will be more predominant when using
gamma irradiation as compared to the much faster electron beam irradiation
process. Furthermore, oxidation can continue after irradiation causing changes in
properties with time. This oxidation process may reduced by antioxidants added
to the polymer resin.

Ionizing radiations are divided in the most general form into two types :
photon and corpuscular radiations. They are also called high energy radiations, in
contrast to low energy radiations, i.e. those with a particle energy of up to about
50 eV: they are the visible light and UV radiation. UV radiation interacts with the
substance in the primary stages by the mechanism of excitation of its atom and
molecules, whereas high energy radiation mainly induced an ionization
mechanism, leading to the formation of ions with different signs.

Photon radiations used in the chemistry of high energies are X-rays and -
rays. In the radiation chemistry of polymers, photon radiation with a particle
energy of 10°-10° eV is generally used.

Corpuscular radiation include fluxes of charged particles, fast
( accelerated) electrons, protons, multicharged ions and neutrons. Radioactive
isotopes emit corpuscular radiation in the form of a-particles ( helium nuclei) and
B-particles (electrons).

In the radiation chemistry of polymers , neutron radiation is not generally

13



used because © induced radioactivity may appear in the irradiated object as a result
of nuclear reactions, although their cross section is small.

It should be noted that in the most general from y radiation and accelerated
electron are the main types of ionizing radiation used in radiation chemistry of
polymers. The parameter of quantitative evaluation of the retarding ability of the
medium is the energy loss per unit path of particle ( or beam), the so-called linear
energy transfer (LET), LA :

LA =dEgr/ dl
Where dE g1 is the energy transferred to the substance by the charged particle
along the elementary path (dl).

The absorbed dose of ionizing radiation ( absorbed dose or dose ) D is the
ratio of the mean energy, dE transferred by ionizing radiation to the substance in
an elementary volume to the mass, dm, of the substance in this volume.

D =dE/dm
According to SI, its unit of measurement is the gray (Gy) : 1 Gy is equal to the
absorbed dose of ionizing radiation at which energy of ionizing radiation of 1 J is
transferred to a substance of mass 1 kg.
1Gy=1Jkg=624x10"eV/g=6.24x 10" peV/l
Where p is the density of the irradiated substance in g/cm’.

The range of dose used in the radiation chemistry of polymers is 10-10°

Gy. According to SI, the energy of ionizing particles, E and the energy of ionizing
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radiation, w are expressed in Joules (J). However, it is preferable to use a non-

systematic unit for E — the electron-volt,(eV). 1 MeV = 1.6 x 1013 7.

Upon irradiation, and taking polyethylene as an example, crosslinking

mechanism can undergo the following reactions:

1. a) The formation of excited molecules :

-CH,-CH,- + ¢' — (-CH,-CH,-)*
b) The ionization of molecules :
-CH,-CHp- — -CHp-C'H,- + €

2. The formation of free radicals as a result of the fragmentation of

excited molecules and ionized molecules :

(-CH2-CH3-)* — -CH,-C'H- + H
-CH,-C'Hy- + € — -C*Hy-C*H,-

3. The interaction between the radical and polymer chain leading to the

crosslinking.

CH,-C°H-CH,-CH,-
+ _

+ H
CHZ-CHz‘CHZ_CHz‘ CHZ_CH_CHZ_CHZ_

CH,-CH-CH,-CH,-

The recombination of two macroradicals leading to crosslinking,
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CH,-C°H-CH,-CH,- CH,-CH-CH,-CH,-

+ ) +
CH,-C°H-CH,-CH,- CH,-CH-CH,-CH,-
The higher the molecular weight of the polymer undergoing crosslinking,

the lower is required absorbed dose [23].

I.4. The proposed methods to produce modified PEO Hydrogel films

Poly(ethylene oxide) has several advantage properties for medical
applications. Among those properties i.e. biocompatible, low toxicity, water
soluble polymer, antithrombogenic polymer, and nonionic polymer. Nevertheless,
PEO is lacks of mechanical strength, adhesive property, cell attachment and
biodegradability be applied in medical fields.

To overcome some disadvantage properties of PEO hydrogel , we try to
modify PEO by adding various polymers for some purposes using an electron
beam as a nontoxic and simple crosslinking method. In this work we developed
the modified PEO hydrogel films using electron beam for three spesific
applications i.e. wound dressing, anti-adhesion barrier and tissue engineering. We
tried to find the better fabrication technique and attempt to modify PEO based
hydrogel by adding certain polymer to get the appropriate properties in the certain
application. There are three proposed method to develop the remarkable hydrogel

for three biomedical applications.

16



1.4.1. Wound Dressing application

E-Beam
Disadvantage :
Advantage : Low mechamcal‘strength
: . and Fragile
Biocompatible

N

Hydrogel
PEO

+ PEGDA

Modification _____ |

Hydrogel
PEO/PEGDA

Figure 1.2. Proposed method to develop hydrogels for wound dressing

1.4.2. Anti-adhesion barrier application

E-Beam
Disadvantage :
Low adhesiveness,
Advantage H low mechanical strength.
Biocompatible
\\L
Hydrogel
PEO
3 Composition ;
. . 1. PEGDC/PEO
Modification _, 2. PEGDMA/PEO
3. (PEGDC-PEGDMA)/PEO

Hydrogel
PEGDC/PEO

Figure 1.3. Proposed method to develop hydrogels for anti-adhesion barrier
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1.4.3. Tissue engineering scaffold

E-Beam Disadvantage :
Low cell attachment,
Advantage : Long Time Biodegradation
Biocompatible
N
Hydrogel
PEO
Modification

\@ HPG

Hydrogel
PEO/HPG

Figure 1.4. Proposed method to develop hydrogels for tissue engineering scaffold

I.5.  Research objectives

To develop the facile fabrication of the remarkable modified PEO

crosslinked hydrogel film which fullfilled the ideal properties of biomaterial in

particular biomedical applications such as wound dressing, anti-adhesion barrier

and tissue engineering scaffold using electron beam.

18



CHAPTER 11
FABRICATION OF POLY(ETHYLENE OXIDE) HYDROGELS FOR

WOUND DRESSING APPLICATION USING E-BEAM

II.1. Introduction

Wound dressing is usually used to encourage the various stages of wound
healing and create better conditions for healing. They often cover the wound
surface in order to accelerate its healing. The powdery hydrogel materials
generally introduced to an open, draining wound in order to absorb the exudate
from the wound [1]. A drawback of such hydrogel material is that the dry material
can tend to clump and form lumps prior to and during introduction of the material
to the wound site. Clumping can also occur after introduction of the material to
the wound site. In addition, removal of lumps from the wound site without
damaging the new tissue is difficult. Dressing should be easy to apply, be painless
on removal, should create an optimal environment for wound healing, and should
require fewer dressing changes, thereby reducing nursing time [2]. Therefore, the
hydrogel having better mechanical strength is expected to be better for use as a
dressing material.

In recent years, significant attention has been focused on research and
development of polymer hydrogels as biomaterials, such as contact lenses, wound

dressing, and drug delivery systems [3-5]. Hydrogel dressing consists of insoluble
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polymers with a high water content making them an ideal dressing to facilitate
autolytic debridement of necrosis and slough [6]. The hydrogel-type wound
dressings can be formed by crosslinking of water soluble polymers such as
polyvinyl alcohol, polyvinyl pyrolidone, polyacrilic acid, and poly(ethylene
oxide) [7]. Among water soluble polymers above, poly(ethylene oxide) shows the
merit of its relatively low toxicity [8,9]. However, the pure PEO hydrogel has low
mechanical strength and it is very fragile [10]. Polyethylene glycol diacrylate
(PEGDA) is a nontoxic, water soluble, and flexible polymer, which has
polymerizable end groups [11]. PEGDA hydrogels are an attractive potential
scaffold system for TEHVs because they are not only cytocompatible and
modifiable but can also withstand bending deformations [12]. The biocompatible
chitosan/polyethylene glycol diacrylate blend films were successfully prepared by
Michael addition reaction as a potential wound dressing material which shows no
cytotoxicity toward growth of L929 cell and had good in vitro biocompatibility
[11]. Therefore it is expected that co-crosslinking of PEO with PEGDA with an e-
beam irradiation can increase the mechanical strength and modulate other
physical properties by increasing the crosslink density.

Physical, chemical, and radiation methods can be applied to preparation of
the crosslinked polymer hydrogels. Among them, radiation techniques y-ray [13]
and electron beam [14] are relatively simple for improvement or modification of

polymeric materials through cross-linking, grafting, and degradation reactions
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[15]. However, the e-beam irradiation method is more advantageous because the
radiation dose can be easily controlled and the experimental condition is straight
forward for mass production of products and also the product is free from
unwanted chemical impurities such as residues from initiators, retarders, and/or
accelerators for initiation and for manipulation of the crosslinking reaction in
chemical crosslinking methods. Moreover, the degree of crosslinking and grafting
can be controlled by controlling the radiation dose [16]. When the e-beam is
irradiated on a polymer film, many free radicals are generated on the polymer
backbone of PEO, as the main component in a polymer blend film. The radicals
attack the double bonds of PEGDA to polymerize and finally crosslink the
PEGDA and PEO or the radicals undergo the chain scission reaction which
reduces the molecular weight of polymer. At high temperature the viscosity of
polymer is low, therefore, the radical has enough mobility to find the double
bonds or another radical to make crosslinking reaction before the decay of
radicals causing chain scission [17].

In this article, we demonstrate the possibility of mass production of the
mechanically robust PEO hydrogel wound dressing with water permeability

similar to that of a natural skin of human bodies.

I1.2. Experimental Section

11.2.1. Materials
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Materials. Poly(ethylene oxide) (PEO) and Poly(ethylene glycol)
diacrylate (PEGDA) were purchased from Sigma-Aldrich, St. Louis, USA.

Animals. Male Sprague-Dawley (SD) rats weighting 250-280 g were
purchased from Oreint Bio, (Seongnam, Korea). All rats received food and water
at a temperature of 20-23°C and a relative humidity of 50+5% for 24 h prior to
the experiments. The rats were housed singly to prevent fighting and attack the
wound. All animal procedures were performed according to the Guiding
Principles in the Use of Animals in Toxicology, as adopted in 2008 by the Society
of Toxicology. The protocols for the animal studies were approved by the

Institute of Laboratory Animal Resources of Yeungnam University.

I1.2.2. Preparation of crosslinked hydrogel film for wound dressing
Poly(ethylene glycol) diacrylate (PEGDA) (Mn = 700) and various
molecular weights of poly(ethylene oxide) (PEO), Mn = 2x10°, 4x10°, 6x10° were
used for preparation of the hydrogel. Aqueous solution of PEO (8 % w/w) was
prepared by stirring the solution at room temperature for 24 hours. The
composition of PEGDA/PEO was changed from 0/100, 2.5/100, 5/100, 7.5/100,
and 10/100 (w/w), respectively. The calculated amount of aqueous solution was
poured into a petri dish to form dry PEO film with a thickness of 0.3 mm. The
PEO solution was dried in the oven at 55°C for 24 hours, and then remaining

moisture was removed in a vacuum oven for 6 hours at the same temperature. Dry
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PEO films were sealed in an evacuated polyethylene bag, followed by irradiation
at various doses (100, 150, 200, 250, 300kGy) using an electron beam (EB)
having a beam current of 5 mA and 10 mA with an energy of 0.7 MeV generated

from an Electron Beam Accelerator.

I1.2.3. Analysis

Determination of gel fraction. Immediately after irradiation, the seal was
opened and the weight of the dry PEO film sample (2cmx2cm) was measured
accurately. After that, the crosslinked PEO film was placed in distilled water at
50°C for 24 hours for removal of the soluble parts. The insoluble gel obtained was
dried in the oven at 50 °C for 24 hours and then in a vacuum oven at 50 °C for 6
hours in order to obtain a constant dry weight. The gel fraction was determined
from the weight ratio between the insoluble dry gel weight and the initial weight
of the polymer,

Gel fraction = (Wc / Wo) x 100[%]
Where Wc and Wo are the weight of insoluble dry gel and the initial weight of a
dry film [18].

Determination of swelling ratio. The known weight of the crosslinked
dry PEO film (2cm x 2cm) was soaked in distilled water at room temperature. The
weight of the swollen gel was measured at specific time intervals after removal of

excessive surface water using filter papers. The procedure was repeated until there
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was no further weight increase. The swelling ratio (SR) was calculated using the
following equation:

SR = (Wt/Wo) x 100[%]
where Wt and Wo are the weight of swollen gel at time t and that of the dry PEO
film, respectively [10].

Determination of the percentage increase of the size. The pieces of dry
crosslinked PEO film (2cm x 2cm) was soaked in distilled water at room
temperature until the film reach constant length (cm) of PEO gel. The PEO
hydrogel was placed on a glass plate and then the length (cm) of PEO gel was
measured. The following equation was used for calculation of percentage increase
of the size (IS) :

IS = (L-Lo)/Lo x 100[%]

Where L and Lo are the length of swollen gel at an equilibrium state and that of
the dry PEO film.

Determination of water vapor transmission rate. The water vapor
transmission rate was measured using JIS 1099A standard test methods [19,20]. A
round piece of crosslinked dry PEO film was mounted on the mouth of a cup with
a diameter of 7 cm containing 50 g CaCl, and placed in an incubator of 90% RH
at 40°C. The water vapor transmission rate (WVTR) was determined as follows :

WVTR = ((W2-W)/S) [g m™h™]

where W, and W, are the weight of the whole cup at the first and the second
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hours, respectively, and S is the transmitting area of the sample.

Mechanical properties. The tensile strength and Young’s modulus of
crosslinked PEO/PEGDA hydrogel films were measured using a tensile test
machine (Instron 4464,UK). The hydrogels were cut into a dumbbell shape and
the mechanical properties were measured with a constant extension rate of 50
mm/min, at room temperature [21].

In vivo wound healing assay. To evaluate efficacy of in vivo wound
healing, twenty one male Sprague-Dawley rats weighing 250 ~ 280 g were
selected as an animal model. The rats were devided in 3 group, 7 rats in each
group. The operation was performed under the cocktail of two anesthetics, Zoletil
50" (tiletamine/zolazepam) and Rompun® (Xylazine hydrochloride), which were
purchased from Virbac S.A. and Bayer, by IP injection [22] prior to the operation,
the dorsal hair of rats was removed using an electric razor. Subsequently, back
skin was excised for development of two full thickness wounds (1.5cm X
1.5cm). Each wound was treated with gauze (control), reference product
(Medifoam H®, Ildong Pharm, Co., Korea) or test material (PEO/PEGDA dressing
sheet), respectively. All materials were covered and fixed with the elastic adhesive
tape, Micropore® (3M), and replaced with new ones at the proper time. Every rat
was cared for in detached cages and digital images of the sites were collected
every three days using a digital camera. These macroscopic data were utilized for

measurement of the size reduction and the epithelizing rate using Adobe Acrobat
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9 Professional ® [22-24]. Size reduction and epithelializing rate (%) were

calculated as follows:

: . Wi
Size reduction = — X 100 [%]
Wo

Eq
W, + E;

Epithelializing Rate = %X 100 [%]

where E; = Epithelized area on time ‘t’, W; = Wounded area on time ‘t’ and W, =
Wounded area at initial time. Multiple comparisons test was performed for
statistical clarification of differences between the groups. One way ANOVA test
followed by the LSD method was used for analysis of the acquired data.
Histological process. Full thickness wounded samples of skin were
collected containing dermis and hypodermis, and they were crossly trimmed one
part/sample based on the wounds, if possible central regions. All trimmed skins
were fixed in 10% neutral buffered formalin. After paraffin embedding, sections
measuring 3-4um were prepared. Representative sections were stained with
Hematoxylin and Eosin (H&E) for light microscopic examination or Masson’s
trichrome for collagen fibers [22,25]. Thereafter, the histological profiles of
individual skin were observed under a light microscope (E400, Nikon, Japan).
Histomorphometry. For more detailed observation of histopathological
changes, desquamated epithelium regions (mm), number of microvessels in

granulation tissues (vessels/mm” of field), number of infiltrated inflammatory
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cells in granulation tissues (cells/'mm? of field), percentages of collagen occupied

% of field), and granulation tissue areas

region in granulation tissues (%/mm
(mm?/crossly trimmed central regions of wounds) were measured on prepared
crossly trimmed individual histological skin samples using a digital image
analyzer (DMI-300, DMI, Korea) according to previously described methods
[23,24]. The histopathologist was blind to group distribution when this analysis
was performed. In addition, re-epithelization rates were also calculated according
to some modification, as follows [26]:

Re-epithelization

Total length of wound(10mm)—Desquamated epithelium region(mm
- gth of q P gion(mm) _ 100 (%]

Total length of wound

Statistical analysis. A multiple comparison tests for different dose groups
was performed. The Levene test was used for examination of variance
homogeneity [27]. If results of the Levene test indicated no significant deviations
from variance homogeneity, the obtained data were analyzed by one way ANOVA
test followed by least-significant differences (LSD) multi-comparison test in order
to determine which pairs of group comparison were significantly different. In the
case of significant deviations from variance homogeneity observed on the Levene
test, a non-parametric comparison test, Kruskal-Wallis H test was performed.
When a significant difference was observed in the Kruskal-Wallis H test, the

Mann-Whitney U (MW) test was performed in order to determine the specific

27



pairs of group comparison, which are significantly different. Statistical analyses
were performed using SPSS for Windows [28]. In addition, changes between
gauze control and test material treated groups were calculated in order to help the
understanding of the efficacy of test materials, as follows.

Percentage changes compared with gauze control

Data of tested group—Data of gauze control
= Dataof tested group—Dataof § X 100[%]

Data of gauze control

I1.3. Results and Discussion
I1.3.1 Effect of dose on the gel fraction and swelling properties

Figure 2.1(a) shows the effect of irradiation dose on the gel fraction of the
e-beam irradiated polymer. The gel fraction showed a steady increase, from 0.21
at 100 kGy to 0.59 at 300 kGy dose. The radicals are generally produced as a
result of an indirect effect of radiation and result in crosslinking and scission
reaction of polymer chains when the polymer films are irradiated with high doses
of radiation. The swelling ratio decreases from 3567% to 1013% with increasing
dose from 100 kGy to 300 kGy due to the increase of the crosslink density, as
shown in Figure 2.1(b). All films swelled rapidly in water and reached
equilibrium within 10 minutes, except for 100 kGy dose, which reached
equilibrium around 60 minutes. This result demonstrated that the structure with

the low crosslink density could sustain much water within the gel structure, as
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expected from equation [29]. The percentage increase of the size (IS) decreased
with increasing doses. The percentage increase of the size was 120%, which was

obtained at 300 kGy, as shown at Figure 2.1(c).
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Figure 2.1. Effect of dose on (a) gel fraction, (b) swelling ratio, (c) percentage

increase of the size for PEO 200,000 Mn
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I1.3.2 Effect of molecular weight on the gel fraction, swelling properties and

size

The influence of the molecular weight on the gel fraction is shown in
Figure 2.2(a). It shows that the higher the molecular weight of PEO, the higher
the gel fraction was. The gel fraction showed a significant increase from 59% at
200,000 MW to 66% at 400,000 MW and then just increase slightly to 69% at
600,000 MW. The effect of the molecular weight of PEO on swelling ratio and
percentage increase of the size is shown in Figure 2.2(b) and Figure 2.2(c). The
swelling ratio and percentage increase of the size showed a significant decrease as
the molecular weight of PEO increased from 200,000 to 400,000. Further
decrease of the swelling ratio and percentage increase of the size was observed
with the molecular weight of 600,000, however, the decrease was reduced. The
reason for different swelling ratio and percentage increase of the size with
different molecular weight may be explained as follows: although the radical
density in irradiated PEO film is the same, the film with higher molecular weight
may have increased physical crosslink due to the radical coupling in the polymer
chains. The swelling ratio decreases from 1013% with 200,000 MW to 800% with
400,000 MW and then decrease slightly to 780% at 600,000 MW. On the other
hand, Figure 2.1(b) showed that the swelling ratio decreases very significantly
from 3567% to 1013% with increasing dose from 100 kGy to 300 kGy. It showed

that the swelling ratio is more influenced by irradiation dose than by the
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molecular weight of PEO.
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Figure 2.2. Effect of Molecular weight on (a) gel fraction, (b) swelling ratio, (c)

percentage increase of the size.

According to the result above, the maximum gel fraction and the minimum
swelling ratio were reached at a dose of 300 kGy with the molecular weight of

400,000. However, when the molecular weight of PEO increased, the dissolution
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of PEO in distilled water was very poor due to increased viscosity. Therefore,
medium molecular weight of PEO (400,000) was used to make PEO and
PEO/PEGDA film for further experiments.
11.3.3 Effect of PEGDA content on gel fraction and swelling properties

A small amount of PEGDA was added to the PEO in order to increase the
mechanical strength of the e-beam crosslinked PEO. Figure 2.3(a) shows the gel
fraction of PEO/PEGDA hydrogel. The result showed that the gel fraction
increased almost linearly with increasing the weight percentage of the PEGDA in
a mixture. The swelling ratio of PEO/PEGDA hydrogel film with various
compositions as a function of swelling time is shown in Figure 2.3(b). It shows
that all of the hydrogel films absorb water very rapidly and reach an equilibrium
weight within 10 minutes. The swelling ratio decreased with the increasing
content of PEGDA, and the equilibrium swelling ratio of the crosslinked hydrogel
films decreased from 771% in the film without the presence of PEGDA to 310%
in that with 10% of PEGDA. The result indicated that the higher content of
PEGDA can decrease the water absorption capacity of PEO/PEGDA hydrogel due
to the crosslinking of PEGDA together with radicals in PEO backbones via radical
polymerization. Furthermore, PEGDA also enhanced the crosslinking reaction of
the PEO/PEGDA film owing to reduced viscosity, which can enhance the
coupling reaction of radicals before the radical decays into an unreactive

species.The percentage increase of the size declines from 105% with pure PEO
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film to 58% with PEO/PEGDA containing 10% of PEGDA, as shown in Figure

2.3(c).
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Figure 2.3. Effect of content of PEGDA on (a) gel fraction, (b) swelling ratio, (c)

percentage increase of the size.
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11.3.4 Effect of PEGDA content on Water vapor transmission rate (WVTR)
The effect of the content of PEGDA on the WVTR of the hydrogel is
shown in Figure 2.4. The figure shows that the WVTR value is almost constant
for all compositions of PEGDA because most of the matrix is PEO. The average
WVTR was 19 grn'zh'1 for 2.5 — 10 % of PEGDA, however, that of pure PEO was
somewhat lower, 15.89 gm™h™'.When the value of WVTR is too high, the wound
can dry rapidly, resulting in scars. In addition, if the value is too low to
accumulate exudates, the healing process can be retarded, resulting in increased
risk of bacterial growth [30]. Use of an ideal dressing is known to control
evaporation of water from a wound at an optimal rate. The rate for normal skin is
8.5 gm™h", while that for injured skin can range from 11.6 gm™h" [31].
Therefore, the ideal wound dressing should have a WVTR similar or greater than
11.6 gm™h™". The WVTR of the PEO/PEGDA hydrogel was close to the ideal

value for wound dressing.
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Figure 2.4. Effect of content of PEGDA on Water vapor transmission rate.

11.3.5 Effect of PEGDA content on Mechanical properties

The tensile strength of PEO/PEGDA wet hydrogel film as a function of
the PEGDA content is shown in Figure 2.5. It can be seen that the tensile strength
of PEO/PEGDA hydrogel increased exponentially with increasing PEGDA
content due to the increased crosslink density and reached the maximum value
(0.48 MPa) with 10% of PEGDA, of which strength was10 times higher than that
of the pure PEO (0.044MPa). Figure 2.6 shows the Young’s modulus of the
PEGDA/PEO films. The Young’s modulus increased even more rapidly with the

increasing content of PEGDA.
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Figure 2.6. Young’s modulus of PEGDA/PEO films as a function of PEGDA

content.
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11.3.6 In vivo wound healing

All animals survived until the sacrifice and there was no evidence for
necrosis of epidermal tissue. Slight inflammation and bleeding were detected
throughout the experiment. Each representative macroscopic data on wounds is
shown in Figure 2.7 on the third postoperative day, highly severe inflammation
was detected in every group of wounds. In particular, hemorrhage was
accompanied in the wounds to which sterile gauze only was applied. In addition,
the control group showed a dry surface and scabs, whereas the reference and the
test material exhibited a moist surface. On the sixth postoperative day, reference
and test material-applied wounds showed enhanced size reduction. However, the
gauze-applied wounds showed lower size reduction. After the 12™ postoperative
day, considerable closure of wounds was discovered in the reference and the test
material-applied wounds, whereas comparatively large exposure was still detected
in gauze-applied wounds (p<0.05, Figure 2.8). In addition, the trend of enhanced
epithelization was observed mainly in the reference and test material-applied
groups. In the same way, both epithelizing rates of the test material and the
reference were significantly (p<0.01 or p<0.05) higher than that of gauze control
(Figure 2.9). The test material and the reference displayed equivalent wound-
healing effects in both size reduction and epithelizing rate and showed

significantly improved efficacy, compared with gauze control.
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Figure 2.7. Representative macroscopic data of wounds treated with gauze

control, reference and test material on day 0, 3, 6, 9, 12 and 15, respectively.
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material (@). *; p<0.05 as compared with gauze control group.
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Figure 2.9. Epithelizing rate (%) profiles of gauze control (), reference (A), test
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I1.3.7 Histopathological analyses

The histomorphometrical changes on the full thickness wounds of rat
dorsal back skin-desquamated epithelium regions, re-epithelization, number of
microvessels (neovascularization), infiltrated inflammatory cells and percentages

of collagen occupied regions in granulation tissues, granulation tissue areas are
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shown in Table 2, and the representative histological profiles of the experimental
groups are shown in Figure 2.10, respectively. In histopathological and
histomorphometrical comparison with gauze control, significant (p<0.01)
decreases of desquamated epithelial regions were detected in both reference and
test material-applied groups. The number of microvessels (equal to
neovascularization) and inflammatory cells infiltrated in granulation tissues, and
granulation tissue area itself showed a remarkable (p<0.01) decrease in the
reference and the test material-applied wounds, as compared with gauze control,
and significantly (p<0.01) increased collagen fibers were also observed in the
reference and the test material-applied skin samples. In addition, the re-
epithelization rate showed significant (p<0.01) improvement in both.
Impressively, more favorable accelerating efficacy on the full-thickness wounds
was observed in test material-applied rats. In particular, according to
histopathological observations, significantly (p<0.01 or p<0.05) more rapid
regeneration of wounds, more rapid reconstruction of granulation tissues
(decreases of granulation tissues and increase of re-epithelization rates), lower
inflammatory cell infiltration, and lower neovascularization were detected in test
material-treated wounds, as compared with reference-treated wounds. In addition,
more favorable collagen fiber regeneration was demonstrated in the test material-
applied wounds and the percentage of acollagen occupied region in the test

material-applied wounds was also significantly (p<0.01) enhanced, as compared
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to that of the reference-treated wounds (Table 2, Figure 2.10).

Table 2. Histomorphometrical values

Material applied groups

Histomorphometry Gauze control Test
Reference X
material
Des_quamated epithelium 454+ 112 9 40 + 0.90° 1.05;
region (mm) 1.08
Re-epithelization (%) 5461+11.16 | 75.96+ 9.04° i%ga%
In granulation tissues
Microvessels number 120.43 + 35.88 51.29 + 11.48¢ 2715193[13
Infiltrated inflammatory 403.86 + 114.92 206.86 + 27,73 68'43(13
cell number 8.56
Collagen occupied region a 64.47 £
%) 34.14 £ 3.99 49.05 + 5.81 6.64
Granulation tissue area a 27.61
(mm?) 64.32 £ 10.05 39.90 £5.19 5 3%

Values are expressed as Mean + S.D. of seven rat wounds

% p<0.01 as compared with gauze control by LSD test
b n<0.01 and ¢ p<0.05 as compared with reference by LSD test

9p<0.01 as compared with gauze control by MW test

® p<0.01 as compared with reference by LSD test
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Figure 2.10. The representative histopathological profiles of full thickness skin
wounds (granulation tissues) of gauze control (A~C), reference (D~F) and test
material (G~I) applied rats.

Note that re-epithelization — decreases of desquamated epithelial regions, was
more extendedly observed in reference and test material applied wound as
compared with gauze control wound, respectively. The inflammatory cell

infiltrations and neovascularization (arrows) in granulation tissues (B, E, H) in

42



reference and test material treated groups were also less than that of gauze
control, and more numerous collagen proliferations (C, F, I; green colors) were
detected in the both reference and test material applied groups as compared with
gauze control, respectively. These wound healing signs were more rapidly
occurred in test material applied wounds than those of reference, in this
experiment.

DE, dermis; EP, regenerated epithelium, LP, lamina propria

Scale bars = 160 um.

I1.4  Conclusions

The PEO/PEGDA hydrogel prepared by e-beam irradiation was nontoxic
and biocompatible with high mechanical strength. The PEO/PEGDA hydrogel
contained no toxic ingredients due to the absence of any organic inhibitor,
accelerator, and inorganic catalyst. Moreover, the hydrogel had a water vapor
transmission rate similar to that of skin, which could maintain a moist
environment on the interface of the wound and dressing in order to speed up the
healing process. Results of in vivo study implied that the test material
(PEO/PEGDA) has very favorable wound healing effects; size reduction and
epithelizing rate acceleration. In addition, PEO/PEGDA hydrogel film was able to
successfully create amicable environments for wound healing. Histopathological

studies also indicated that PEO/PEGDA hydrogel film enhances re-epithelization
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and normalization of wounded sites. These findings were considered direct
evidence that PEO/PEGDA hydrogel film definitely facilitated the wound healing.
Therefore, the results confirmed the possibility of commercializing robust

PEO/PEGDA gel type wound dressings using e-beam irradiation.
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CHAPTER III
POLY(ETHYLENE GLYCOL) DICARBOXYLATE/ POLY(ETHYLENE
OXIDE) HYDROGEL FILM CO-CROSSLINKED BY ELECTRON BEAM

AS AN ANTI-ADHESION BARRIER

III.1. Introduction

The major complication in surgeries is the postsurgical adhesions triggered
by inflammation or tissue trauma as an effect of a normal wound-healing process
[1]. The formation of postoperative peritoneal adhesions is an important
complication following gynecological and general abdominal surgery [2]. An
important consequence of adhesion formation in abdominal and gynecological
surgeries is the development of fibrosis that can cause an intestinal obstruction [3]
and infertility [3-4]. Various types of anti-adhesion barriers have been developed
to reduce adhesion formation including hydrogel [5-6].

Hydrogel has three-dimensional (3D) network structures which can absorb
and retain large amount of water [7]. Crosslinks have to be present in hydrogel in
order to prevent dissolution of the hydrophilic polymer chains in a wet
environment [8]. Various techniques have been developed to create hydrogels
including physical crosslinking [9-12], chemical crosslinking [13-15], and
irradiation crosslinking [16-20].

Poly(ethylene oxide) (PEO) based hydrogels, due to their significant water
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content, possess a degree of flexibility similar to a soft tissue, therefore, they have
good biocompatibility with low toxicity and have been exploited in many fields
such as tissue engineering [21-25], drug delivery [26-30], wound dressing [31,32]
and an anti-adhesion barriers [33]. Nevertheless, the pure PEO hydrogel is very
fragile and it has low mechanical strength in a wet condition [32] and is lack of
keeping in contact with tissue [34]. In addition, it has been considered as a
biocompatible but non-biodegradable polymer [35].

Poly(ethylene glycol) dicarboxylate (PEGDC) basically contains
polyethylene glycol (PEG) and two carboxylic acid groups with two
polymerizable double bonds [36]. The carboxyl group improved the adhesive
strength to the tissue [37,38]. Poly(ethylene glycol) dimethacrylate (PEGDMA) is
nontoxic and water soluble, which also has polymerizable double bonds and
degradable ester groups at the end of a polymer. It has been used in medical
application for various functions such as oral insulin delivery [39] and bone
regeneration application [40]. However, few research has been conducted on this
material for anti-adhesion barrier film.

Chemical, and radiation methods can be applied for the production of the
crosslinked  hydrogels with strong bond [41]. In the chemical method,
crosslinking reaction takes longer time [42] and needs the addition of chemical
initiator and other additives during the polymerization. However, the additives are

usually less biocompatible than the polymer matrix. An electron beam (EB)
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irradiation is relatively simple for the improvement or modification of polymeric
materials through cross-linking, grafting, and degradation reactions [32].
Moreover, the radiation dose can be easily controlled and the experimental
condition is simple for mass production of products. In addition, the product is
free from undesirable chemical impurities such as residues from initiators,
retarders, and/or accelerators for initiation and manipulation of the crosslinking
reaction in chemical crosslinking methods [43,44].

Co-crosslinking of PEO with PEGDC or PEGDMA can enhance the
mechanical properties by increasing the crosslink density due to the existing
double bonds in crosslinker molecules. In addition, the content of carboxyl groups
in PEGDC is also expected to improve the tissue adherence for keeping hydrogel
film in contact with tissue as well as to physically crosslink the polymer network.

In this study, we prove the possibility of the facile production of excellent
hydrogel films with high mechanical properties, good biodegradability, adequate

tissue adherence and low hemolysis activity for an anti-adhesion barrier.

I11.2. Experimental section
II1.2.1. Materials

Poly(ethylene oxide) (PEO) (M, 6 x 105), poly(ethylene glycol) (PEG)
(M; 3350), maleic anhydride (M, 98.06), poly(ethylene glycol) dimethacrylate

(PEGDMA) (M,, 750), Dulbecco's modified Eagle’s medium (DMEM), 3-(4,5-
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dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), fetal bovine
serum, and penicillin-streptomycin were purchased from Sigma-Aldrich, St.
Louis, USA. Mouse fibroblast cells (NIH3T3) were purchased from ATCC
(manassas, VA, USA) and Live/Dead viablility/cytotoxicity kits were purchased

from Life Technology, Invitrogen, USA.

I11.2.2. Synthesis of PEGDC

PEGDC was synthesized by dissolving 3.35 g of PEG in 25 ml of tolune in
2 necked flask and the stirred solution was dried at 130 °C by purging nitrogen for
1 hour. After cooling, 0.196 g of maleic anhydride was added and the reaction
mixture was stirred for 18 hours at 80 °C under N, atmosphere. The toluene was
then removed by vacuum evaporation at 85 °C under reduced pressure. The crude
product was dissolved in small amount of methylene chloride and then
precipitated three times into diethyl ether to remove unreacted maleic anhydride.

The precipitate was then dried in the oven at 50 °C for 6 hours [36].

111.2.3. Characterizations of PEGDC
The purified PEGDC was analyzed by 'H NMR (600 MHz, Bruker

Advance DRX500) using TMS as an internal standard and CDCl; as a solvent.

I11.2.4. Cytotoxicity test of PEGDC
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MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
assay was applied to check metabolic activity of the cells on PEGDC films and
control-2D. NIH3T3 cells of a mouse fibroblast cell line were grown in
Dulbecco's modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA) that
contained 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA) and 1%
penicillin—streptomycin (Invitrogen, Carlsbad, CA) at 37 °C in a humidified
atmosphere of 5% CO,. Cells (1 x 10*) were seeded overnight on the 24-well cell
culture plates and incubated for an additional 1 day, 3 days, 5 days and 7 days.
Briefly, 500 pl of MTT solution (5 mg/ml, Sigma Chemicals) was added to each
well and incubated for 4 h at 37 °C. The supernatant was aspirated, and the MTT-
formazan crystals, produced by metabolically viable cells, were dissolved in 1500
ul of DMSO solvent. The absorbance was measured using a microplate reader at a
wavelength of 490 nm. Cell viability was also investigated using a Live/Dead
staining assay on 1 day and 7 days. Ethidium bromide (2 mM) was diluted in 10
ml distilled tissue culture grade PBS in combination with 4 uM of calcein
acetoxymethyl ester (calcein AM) from stock solution. The working solution of
the stain 100-150 pL was added and incubated for 30 min and labelled cells were

observed under Nikon fluorescent microscope [45].

II1.2.5. Preparation of hydrogel films

PEO and PEGDC (and/or PEGDMA) were used for preparation of the
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hydrogel films. Aqueous solution of PEGDC/PEO (5% w/w) was prepared by
stirring the solution at room temperature for 24 hours. The composition of
PEGDC/PEO was changed from 0/100, 2.5/100, 5/100, 7.5/100, and 10/100
(w/w), respectively. The calculated amount of aqueous solution was poured into a
petri dish to form dry PEGDC/PEO film with a thickness of 0.1 mm. The
PEGDC/PEO solution was dried in the oven at 55 °C for 24 hours, and then
remaining moisture was removed in a vacuum oven for 6 hours at the same
temperature. Dry PEGDC/PEO films were sealed in an evacuated polyethylene
bag, followed by irradiation at various doses (100, 150, 200, 250, 300 kGy) using
an EB having a beam current of 5 mA and 10 mA with an energy of 0.7 MeV
generated from an EB Accelerator. The optimum dose and composition were used
to prepare three different compositions of hydrogel films, namely 10% PEGDC,

10% PEGDMA and 5% PEGDC-5% PEGDMA with the same procedure.

I11.2.6. Analysis

Determination of gel fraction. Immediately after irradiation, the sealed
film was opened and the weight of the dry film (2cm x 2cm) was measured
accurately. After that, the crosslinked hydrogel film was placed in distilled water
at 50 °C for 24 hours for removal of the uncrosslinked soluble parts. The obtained
insoluble gel was dried in the oven at 50 °C for 24 hours and then in a vacuum

oven at 50 °C for 6 hours in order to obtain a constant dry weight. The gel fraction
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was determined from the weight ratio between the weight of an insoluble dry gel
and the initial weight of a dry film using the following formula:

Gel fraction = (Wc/ Wo ) x 100 [%]
where Wc and Wo are the weight of insoluble dry gel and the initial weight of a

dry film [46].

Determination of swelling ratio. The known weight of the crosslinked
dry hydrogel film (2 cm x 2 cm) was soaked in distilled water at room
temperature until the film reached the equilibrium weight. The weight of the
swollen gel was measured at different swelling time intervals after removal of
excessive surface water using filter papers. The procedure was repeated until there
was no further weight increase. The swelling ratio (SR) was calculated using the
following equation:

SR = (Wt/Wo) x 100 [%]

Where Wt and Wo are the weight of swollen gel at time t and that of the dry film,

respectively.

Mechanical properties. The tensile strength and the elongation at break
of crosslinked hydrogel films were measured using a tensile test machine (Instron
2710-105, USA) with a constant extension rate of 10 mm/min, at room

temperature.
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Tissue adhesion. Tissue adhesion testing was performed using a tensile
test machine (Instron 2710-105, USA). 1 inch wide and 7 inch length test strip of
hydrogel film was prepared, bent back on itself, and joined together with a half
inch strip of masking tape. The specimen forms a tear drop shaped loop. The
taped end of the specimen loop was inserted into the upper grips. The test fixture
was placed in the lower grip of the tensile tester. The tensile tester was activated
so that the crosshead moves downward until the specimen loop completely
contact to the 1 square inch of moist bovine intestine for 5 minutes. The
maximum force required to remove the specimen loop from bovine intestine was

recorded as the measure of a film adherence to the intestine [47].

Hemolysis assay. In this experiment, a dry hydrogel film was equilibrated
in normal saline water (0.9% NaCl solution) for 24 hrs at 37 °C. Human ACD
(acid citrate dextrose) blood (0.25 ml) was added onto the hydrogel film. After 20
min, 2.0 ml of saline was added onto the hydrogel film to stop hemolysis and the
sample was incubated for 60 min at 37 °C. Positive and negative controls were
obtained by adding 0.25 ml of human ACD blood and saline solution,
respectively, to 2.0 ml distilled water. Incubated samples were centrifuged for 45
min; the supernatant was taken and its absorbance at 545 nm was recorded using a

UV-Vis Spectrophotometer (Carry 5000, Varian, USA). The percentage of
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hemolysis was calculated using the following relationship:

Hemolysis (%) = (A test sample — A(-) control)/(A(+) control — A(-) control) x
100 (3)

where A is an absorbance [48].

The student’s t test was used to compare the means of each treatment group with
each other in hemolysis assay, mechanical properties and tissue adhesion testing.
A p value < 0.05 was considered significant. All results were reported as mean =+

standard deviation (n=3).

Animal study. This study was performed with assistance from the
Yeungnam university, school of medicine. The animal care and use committee of
Yeungnam university approved the methods described. Twenty Sprague dawley
rats weighting 240 to 270 g were used for this study. All rats were housed in an

environment of 12-h-day and 12-h-night condition at standard temperature (22 C)

in 2 weeks. They were fed with standard laboratory food and tap water ad libitum.
All rats were anesthetized with ketamine hydrochloride and xylazine
hydrochloride intramuscularly.

A midline laparotomy incision measuring 4 cm was created and the cecum
was identified. The ventral side of cecum was then abraded with thermal cautery

until a burn area reached approximately 2 cm? (1 X 2 cm). Rat in the first group
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received 6 cm? (2 X 3cm) 10% PEGDC film barrier which was placed between
the burned area and peritorium. Rat in the second group was treated with
polyaxmer (Guardix-SG®, Genewel, Sungnam, Korea) in same manner. All
animals, the burned area and the abdominal wall were approximated with a 4/0
Vircryl® (Ehticon Endo surgery, Inc., Cincinnati, Ohio, USA) in order to induce
adhesion as cecum was too floopy. The laparotomy incision was closed with 4/0
black silk (Ailee, Pusan, Korea) suture. All rats were allowed to receive tap water
and food ad albitum one day later.

All animal were euthanized via carbon dioxide inhalation on postoperative
21* day and examined for adhesion formation by two surgeons in a double-
blinded manner. Adhesion criteria were classified according Avital et. al.’s
study(Table 3.1) [49].
Table 3.1. Adhesion severity based on adhesion grade and percent of injured cecal

surface area.

Severity Grade % area involved
Absent 0 0
Moderate 1 1~100
2 1~100
3 <100
Severe 3 100

Grade
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0 = no adhesions; 1 = thin filamentous, easily separated adhesions; 2 = thick adhesions, difficult to dissect, do not tear

organ when separated; 3 = thick adhesions, not dissectible, tears organ when separated.

IT11.3. Results and Discussion
II1.3.1. NMR characterization of PEGDC

The powder of PEGDC was analyzed based on the 'H NMR (CDCl;, 600
MHz) spectra results (Figure 3.1). These results show the presence of
characteristic peaks that correspond to 6 3.6-3.31 (m, CH,CH,0, 60H), 4.3 (s,

CH,0CO, 4H), 6.2 (d, CHCHCOO, 2H), 6.4 (d, CHCHCOO, 2H).
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Figure 3.1. NMR spectrum of PEGDC.

I11.3.2. In vitro cytotoxicity assay of PEGDC

Since the polymers are to be used for biomedical applications, the issue of
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cytotoxicity is critical. Cells were found to be viable and metabolically more
active in PEGDC than in control-2D. Initially, cells cultivated on PEGDC and
control-2D was equal. Cells metabolic activity increased with increasing time in
the presence of PEGDC indicating biocompatible nature of film as shown in
Figure 3.2. Cell viability was further examined by Live/Dead staining assay, in
which live and dead cells emitted green and red fluorosence, respectively. The
viability of cells in the presence of PEGDC remains high after 7 days of
incubation, as presented in Figure 3.3, confirming the very low toxicity of the
synthesized PEGDC polymers toward fibroblast NIH3T3 cells. More dead cells
were seen in control which could be due to space constrain. It is well-known that
cell stops growing when it comes in contact with adjacent cell and since 2D has
limited space hence more dead cells are observed. PEGDC film provides 3D
support with larger surface area which allows cell to proliferate for longer period

of time.
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Figure 3.3. Fluorescent images of NIH3T3 fibroblast cells. a,b, Live/Dead

staining performed on 1st and 7th days respectively.
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I11.3.3. Effect of dose on the gel fraction and swelling properties

Figure 3.4(a) shows the effect of irradiation dose on the gel fraction of the
crosslinked film containing 5% of PEGDC. The gel fraction showed a steady
increase, from 31% at 100 kGy to 79% at 300 kGy dose. The EB irradiation
generates radicals on polymers and crosslinkers which make crosslinking between
PEGDC and PEO matrix polymer chains. The swelling ratio decreased from
1468% to 744% with increasing dose from 100 kGy to 300 kGy due to the
increase of the crosslink density as shown in Figure 3.4(b). All films swelled
rapidly in water and reached equilibrium within 5 minutes. This result
demonstrated that the structure with the low crosslink density could sustain much

water within the gel structure, as expected from equation [50].
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Figure 3.4. Effect of dose on (a) gel fraction, (b) swelling ratio
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I11.3.4. Effect of PEGDC content on gel fraction and swelling properties
Figure 3.5(a) shows the gel fraction of PEGDC/PEO hydrogel. The result
showed that the gel fraction increased linearly with increasing the weight
percentage of the PEGDC in a mixture. The swelling ratio of PEGDC/PEO
hydrogel film with various compositions as a function of swelling time is shown
in Figure 3.5(b). The swelling ratio decreased with the increasing content of
PEGDC, and the equilibrium swelling ratio of the crosslinked hydrogel films
decreased from 876% in pure PEO film to 641% in the film containing 10% of
PEGDC. The result indicated that the higher content of PEGDC can decrease the
water absorption capacity of PEO/PEGDC hydrogel due to the crosslinking of
PEGDC together with radicals in PEO backbones via radical polymerization. In
addition, PEGDC seemed to enhance the crosslinking reaction of the blend film
owing to reduced viscosity during EB irradiation, which may enhance the

coupling reaction of radicals before the radical decays into an unreactive species.
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Figure 3.5. Effect of content of PEGDC on (a) gel fraction, (b) on swelling ratio.

II1.3.5. Mechanical properties

The tensile strength of wet hydrogel film as a function of the composition
is shown in Figure 3.6(a). It can be seen that there was no significant difference of
the tensile strength in the 10% PEGDC in comparison with 5% PEGDC-5%
PEGDMA (p = 0.1095), although there was a significant difference with 10%
PEGDMA (p=0.0307). All hydrogels showed high tensile strength in a range from
1.84 = 0.11 MPa to 2.13 £ 0.07 MPa which is much higher than the tensile
strength of oxiplex films (0.017 MPa) [51] or methyl cellulose gel (0.16 MPa)
[52] due to the high crosslink density of hydrogels. However, the elongation at
break of 10% PEGDC showed a significantly higher level in comparison with

10% PEGDMA (p=0.0053) and 5% PEGDC-5% PEGDMA (p=0.0096) as seen in
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Figure 3.6(b). The result indicates that 10% PEGDC hydrogel has better
mechanical strength for biomedical application such as an anti-adhesion barrier
with good ductility. The unexpected ductility result might be due to the -COOH

groups which may make physical crosslinking points by intermolecular H-

bonding.
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Figure 3.6. Effect of composition of hydrogel film on (a) tensile strength, (b)

elongation at break (n = 3, *p < 0.05, **p<0.01).

I11.3.6. Tissue adhesion

The adherence of a hydrogel film on the tissue could be critical to avoid
tissue adhesion during the wound healing process to ensure that the film was
easily placed onto tissue with an adequate adherence. The tissue adhesiveness of

wet hydrogel film was determined by measuring the peak detachment force
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required to separate the film from the bovine intestine. As shown in Figure 3.7,
the force recorded for tissue adhesiveness increased significantly in the 10%
PEGDC group in comparison with 10% PEGDMA (p=0.0139) or 5% PEGDC-5%
PEGDMA (p=0.0146). The highest peak detachment force (75.67 = 1.15 cN)
obtained at 10% PEGDC was 50% higher than that of pure PEO (50 cN) [38].
Therefore, the result proved that the carboxyl group in PEGDC affects the tissue
adherence of hydrogel films and makes the film stick to the bovine intestine better
via a wet adhesion mechanism. This improvement is essential for the use of PEO
as the main compound for an anti-adhesion barrier because pure PEO has low

tissue adhesion property [38].
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Figure 3.7. Peak Detachment Force of hydrogel film as a function of

composition (n = 3, *p < 0.05, **p<0.01).
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II1.3.7. Hemolysis assay

Test was performed to analyze the blood compatibility of hydrogel films.
In the hemolysis assay, the percentage of hemolysis in the 10% PEGDC was
significantly lower than that of 10% PEGDMA (p=0.0083) or 5% PEGDC-5%
PEGDMA (p=0.0087) (Figure 3.8). The low hemolysis activity of 10% PEGDC
(6.03 £ 0.01%) indicated better blood compatibility with respect to other
composition. Figure 3.8 shows that 10% PEGDC hydrogel film has the lowest
hemolysis activity (6.03 £ 0.01%) which indicates better blood compatibility with
respect to other composition. The hemolysis result proved that the PEGDC

hydrogel film is a potent candidate for in vivo medical application.
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Figure 3.8. Percentage of hemolysis of hydrogel films (n = 3, *p < 0.05,

*%p<0.01).
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I11.3.8. Animal study

Base on the superiority of hydrogel film in mechanical properties, tissue
adhesion and hemolysis assay, we used 10% PEGDC as anti-adhesion barrier
films in the animal study. Three rats died in first postoperative day due to cecal
perforation. There was no wound infection, sepsis, dietary deficiency to affect the
results. After three additional animal studies with 20 animals, 10 were treated
with Guardix-SG® and the other 10 were treated with 10% PEGDC hydrogel
films. All of the hydrogel film with 10% PEGDC degraded in vivo within three
weeks. The result was surprising considering that PEO has been believed as a
non-biodegradable synthetic material [35]. It is still under investigation but the
crosslinking reaction of PEO with crosslinkers might have increased the
biodegradation of the PEO matrix.

The grade of adhesions and the percentage of an injured cecal surface area
for all animals are given in Table 3.2. The frequency of adhesion severity with the
10% PEGDC group was less than those of Guardix group as seen in Figure 3.9.
The grade of an adhesion was assigned according to the former research [49]. The
hydrogel with 10% PEGDC showed better in vivo results as expected from
mechanical tests and tissue adhesion experiments. 60% of rats in the 10% PEGDC
group had no adhesions between the cecum and the abdominal wall, which is
somewhat better than the Guardix group with 50% no adhesion, while both

materials have the same level (10%) of severe adhesion. However, the Guardix
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showed larger surface area of adhesion on the cecal wounds. The inferior results

of the commercial product, Guardix-SG®, seemed to be due to the fast dissolution

of a hydrogel on the wound surface as a result of lack of chemical crosslinking.

Table 3.2. The adhesion degree and the percentage of injured cecal surface area

for all animals.

Rat 1 2 3 4 5 6 7 8 9 10

Guardix-SG® grade 1 1 2 3 2 0 0 0 0 0
area 1 1 5 5 4 0 0 0 0 0
10% PEGDC  grade 0 0 2 1 0 0 3 0 1 0

area 0 0 5 1 0 0 5 0 1 0

Area
0 =0% area involved; 1 = 1 ~ 24 % area involved; 2 = 25 ~ 49 % area involved; 3 = 50 ~ 74% area involved; 4 = 75~ 99 %

area involved; 5 = 100 % area involved.
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Figure 3.9. Adhesion severity of 10% PEGDC hydrogel and Guardix-SG® group.

II1.4. Conclusions

The novel crosslinked PEO and PEGDC (or PEGDMA) hydrogel was
developed using an electron beam irradiation as an anti-adhesive barrier material.
All compositions exhibited high tensile strength, however, the film with 10% of
PEGDC showed highest elongation at break (69.33 £ 6.87%) which is required
for good film handling characteristics during surgical operation. The tissue
adherence of the crosslinked hydrogel film reached the maximum value with 10%
PEGDC. The result also indicated that the carboxyl group in PEGDC enhanced
the tissue adherence of hydrogel films on the bovine intestine. In the hemolysis

assay, 10% PEGDC also showed the better hemolysis activity (6.03 £ 0.01 %)
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than 10% PEGDMA or 5% PEGDC-5% PEGDMA. As expected from physical
properties of 10 % PEGDC, the 10% PEGDC hydrogel films demonstrated good
anti-adhesive effect compared to Guardix-SG® in animal study. In addition, all of
the hydrogel films with 10% PEGDC degraded within three weeks which
indicates that crosslinked PEGDC/PEO hydrogel film is biodegradable in vivo.
Therefore the crosslinked PEGDC/PEO hydrogel film proved to be the potent
biomedical materials as an effective anti-adhesive barrier with superior properties

such as biodegradability, low toxicity, low hemolysis activity and good ductility.
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CHAPTER 1V
HYPERBRANCHED POLY(GLYCIDOL) / POLY(ETHYLENE OXIDE)
HYDROGELS CROSS-LINKED BY E-BEAM AS MICROPOROUS

SCAFFOLDS FOR TISSUE ENGINEERING APPLICATIONS

IV.1. Introduction

Various approaches currently used to engineer tissues depend on material
scaffolds that serve as extra cellular matrices (ECM) to organize cells into a three-
dimensional architecture, which directs the growth of a desired tissue [1].
Development of porous scaffolds for engineering applications has been of interest
recently [2-5]. However, adequate manufacturing techniques must be developed
to enable proper attachment and proliferation of cells of a particular tissue in the
porous scaffolds, and such techniques should allow proper control of the levels of
porosity and pore size [3]. These physical properties must be tailored to meet the
requirements of the particular tissue under consideration to provide mechanical
stability and space for tissue expansion [4].

Porous three dimensional (3-D) scaffolds that direct tissue formation have
received a great deal of attention in tissue engineering applications. These
scaffolds must possess specific surface characteristics, such as a balance between
hydrophilicity and hydrophobicity of matrix polymers, to promote cell adhesion.

In addition, scaffolds should have adequate mechanical properties to introduce the
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3-D structure and gradually degrade when the new tissue and an extracellular
matrix are formed. Many conventional techniques are available to generate 3-D
scaffolds for tissue engineering applications, such as solvent casting, gas foaming,
particulate leaching and electrospinning [6,7]. However, these technologies all
have some limitations, such as difficulty controlling pore size and producing an
interconnected porous structure for cell growth.

Hydrogels have been studied intensively and used as tissue engineering
scaffolds because they can provide a highly swollen 3-D environment similar to
tissues and allow diffusion of nutrients and cellular waste through the elastic
networks [8,9]. Various techniques have been developed to create hydrogels,
including physical cross-linking [10], chemical cross-linking [11], and irradiation
cross-linking [12,13]. Their biocompatibility and viscoelastic properties make
them suitable as templates to engineer tissues, and they have been used to repair
and facilitate regeneration of a variety of tissues, including skin, cartilage, bone
and vasculature [14-16].

Poly(ethylene oxide) (PEO) is currently FDA approved for several medical
applications and is one of the most commonly applied synthetic hydrogel
polymers for tissue engineering. Due to their significant water content, PEO based
hydrogels possess a degree of flexibility similar to a tissue. Therefore, they have
good biocompatibility with low toxicity and have been exploited in many fields,

including tissue engineering [17-19], drug delivery [20-22], wound dressing [23]
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and an anti-adhesion barriers [24,25]. PEO and chemically similar poly(ethylene
glycol) (PEG) are hydrophilic polymers that can be photocrosslinked by
modifying each end of the polymer with either acrylates or methacrylates [26,27].
Hydrogels are then formed when the modified PEO or PEG is mixed with the
appropriate photo initiator and cross-linked via UV exposure [26,28].

However, PEO or PEG hydrogels typically exhibit minimal or no intrinsic
biological activity due to the nonadhesive nature of PEO or PEG chains [29]. It
should be noted that anchorage-dependent cells encapsulated in PEG hydrogels
show low viability due to the bio-inert characteristic of PEG [30,31]. Researchers
have developed a variety of modified bioactive PEO/PEG hydrogels to mimic the
natural ECM [32,33]. Hyperbranched poly(glycidol) (HPG) is a flexible
hydrophilic aliphatic polyether polyol prepared in branched forms that was found
to have very good biocompatibility based on a variety of in vitro and in vivo
assays [34].

Electron beam (e-beam) irradiation is a relatively simple method for the
modification of polymeric materials through cross-linking, grafting, and
degradation reactions [35]. Moreover, the radiation dose can be easily controlled
and the experimental condition is simple [23,36]. In addition, the product is free
from undesirable chemical impurities such as residues from initiators for initiation
and manipulation of the cross-linking reaction in chemical cross-linking methods

[37]. In this study, we demonstrated facile fabrication and easy control of the
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morphology and porosity of HPG/PEO tissue engineering scaffolds using e-beam

irradiation.

IV.2. [Experimentals section
IV.2.1. Materials

Poly(ethylene oxide) (PEO) (M, 6 x 10°), trimethylol propane (M,
134.17), potassium methoxide (M,, 70.13), glycidol (M,, 74.08), Dulbecco's
modified Eagle’s medium (DMEM), DAPI (4',6-diamidino-2-phenylindole), fetal
bovine serum, and penicillin-streptomycin were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Mouse fibroblast cells (NIH3T3) were purchased from
ATCC (Manassas, VA, USA) and Presto Blue® reagents were purchased from

Life Technology, Invitrogen (Calrsbad, CA, USA).

IV.2.2. Synthesis of HPG

HPG was synthesized by deprotonating 0.0175 g of trimethylol propane in
potassium methoxide solution (0.007 g in 0.3 methanol). Next, 29.632 g of
glycidol was added to the solution drop wise (1 mL /h), after which it was stirred
(50 rpm) for 26 hours at 95°C. The sample was then allowed to cool, at which
point a small amount of methanol was added to the flask to dissolve the crude
product. The sample was subsequently precipitated three times in acetone to

remove unreacted reactants, after which the precipitate was dried in an oven at
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50°C for 1 day. The samples were then dissolved again in methanol and the Na"
counter ion was exchanged using a cation anion exchanger. Finally, the methanol

was removed by vacuum evaporation at 50°C under reduced pressure.

IV.2.3. Characterizations of HPG

The purified HPG was analyzed by FTIR (C86199 Perkin Elmer) and 'H
NMR (600 MHz, Bruker Advance DRX500) using tetramethylsilane (TMS) as an
internal standard and DMSO as a solvent. 'H NMR (600 MHz): & (ppm) = 4.71-
442 (OH), 3.71-3.27 (CH,CH), 2.51 (CH,) (TMP), 2.07 (CH3) (TMP); FTIR

(KBr): cm™! = 3410(0H), 2885(CH), 1590(CH,), 1480(CHs), 1061(C-O).

IV.2.4. Preparation of HPG/PEO hydrogel scaffolds

PEO and HPG were used to synthesize the hydrogel scaffold. Briefly,
aqueous solution of HPG/PEO (5% w/w) was prepared by stirring the solution at
room temperature for a few hours. The composition of HPG/PEO was changed
from 0/100 to 10/100, 20/100, and 30/100 (w/w). Aqueous solution was poured
into a petri dish to form dry HPG/PEO hydrogel with a thickness of 0.1 mm. The
HPG/PEO solution was dried in the oven at 55°C overnight, after which the
remaining moisture was removed in a vacuum oven for 6 hours at the same
temperature. Dry HPG/PEO hydrogels were sealed in an evacuated polyethylene

bag, then subjected to cross-linking by irradiating at 300 kGy using an e-beam
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with a current of 5 mA and 10 mA with an energy of 0.7 MeV generated by an e-

beam Accelerator.

IV.2.5. Analysis
Chemical structure analysis. Dry cross-linked HPG/PEO hydrogel
scaffolds with different compositions were analyzed based on FTIR (C86199

Perkin Elmer).

Thermal properties. The glass transition (Tg) and melting temperature
(Tm) of un-crosslinked hydrogel scaffolds were characterized by differential

scanning calorimetry (DSC Q200, USA).

Determination of swelling ratio. A known weight of cross-linked dry
film was soaked in distilled water at room temperature until the hydrogel reached
equilibrium, during which time the gel was weighed at different intervals after
removal of excessive surface water using filter paper. The procedure was repeated
until there was no further weight increase, after which the swelling ratio (SR) was
calculated using the following equation:

SR = (Wt/Wo) x 100 [%] (1)
Where, Wt and Wo are the weight of swollen gel at time t and the dry film,

respectively [24].
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Determination of cross-linking density. The cross-linking density was
calculated based on the Flory-Huggin theory and Flory-Rehner equation using
swelling ratio data. First, the interaction parameter (y) was calculated based on the
Flory-Huggin theory, where the mixing free energy (AG) is a function of the
volume fraction of the polymer (v,) and interaction parameter (y), where the value
of free energy equal to zero (AG = 0) is the equilibrium swelling condition.

AG =RT {In(1-v,) + v, + Xl)pz} (Flory-Huggin equation) 2)

The Flory-Rehner equation was then used to find the cross-linking density.

-[In(1-vp) + v, + xupz] =N Vi [Dp”3 - % ] (Flory- Rehner equation) (3)
where, N is the cross-linking density (mol/m®) and Vi is the molar volume

(m’/mol) of the solvent [38].

Mechanical properties. The tensile strength, compressive modulus and
elongation at break of cross-linked hydrogel scaffolds were measured using a
tensile test machine (Instron 2710-105, USA) with a constant extension rate of 10
mm/min at room temperature for tensile strength and 0.1 mm/min for compressive
modulus tests. Three samples of each composition of hydrogels were used. The
compressive modulus of the hydrogels was measured with the slope of the stress-

strain curve.

74



Morphology. The pore morphology of the hydrogels was investigated by
scanning electron microscopy (SEM). Hydrogels were freeze dried for 48 h
(Freeze drier Terroni, LV 2000, Brazil) prior to SEM observation. For the
observations, samples were placed over an aluminum support and sputtered with
gold. The micromorphology of the freeze-dried hydrogels was then evaluated by
scanning electron microscopy (SEM, 4100) at 15 kV. The mean pore size of the
scaffolds was determined by analysis of the corresponding SEM images. The
porosity of each type of scaffold was measured by immersing the scaffolds (initial
weight, Wo) into ethanol at room temperature for 24 h (wet weight, W), and then

calculated using the following equation:

(W_Wo)pl
p1 W+(py—p )W,

Porosity (%) = x 100% (4)

where, p, and p, represent the density of hydrogel and ethanol, respectively [39].

In vitro degradation. To measure the in vitro degradation, hydrogels
were placed in a bottle filled with 30 ml of PBS solution at 37°C, after which
degradation rates were measured at 0, 1, 7, 14, 21 and 28 days. The hydrogels
were partly removed from the bottles at a predetermined time, rinsed thoroughly
with distilled water, and dried under a vacuum at 37°C to achieve a constant

weight.
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In vitro cytotoxicity. Cytotoxicity of the 3D hydrogel films was evaluated
using mouse fibroblast cells. DAPI (4',6-diamidino-2-phenylindole) staining was
applied to check the metabolic activity of the cells on HPG/PEO hydrogel
scaffolds. NIH3T3 cells of a mouse fibroblast cell line were grown in DMEM
(Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (FBS) (Invitrogen,
Carlsbad, CA) and 1% penicillin—streptomycin (Invitrogen, Carlsbad, CA) at
37°C under a humidified atmosphere of 5% CO,. Cells (1 x 10%) were seeded
overnight in 24-well cell culture plates and incubated for an additional 1, 3, 5, 7 or
9 days. The scaffolds were then harvested, washed with PBS (phosphate-buffered
saline), incubated for 10 minutes in DAPI solution and observed under a
fluorescent microscope (Nikon, Japan). Cell viability was also checked using
Presto Blue® reagent (Invitrogen). Briefly, hydrogels used for culturing cells
were incubated with 100 pl of Presto Blue for 30 minutes at 37°C, after which the
absorbance was read at 570 nm. Viability was then determined based on
comparison to a standard graph generated by seeding different concentrations of

cells.

Statistical analysis. Experiments were performed using three samples per
condition. Data are reported as mean + standard deviation, compared by paired t
test using sigma plot 10. A value of p < 0.05 was considered statistically

significant.
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IV.3. Results and discussion
IV.3.1. General scheme of cross-link formation of HPG/PEO hydrogel

It is commonly believed that the radical generated by high energy e-beam
makes coupling reaction with an adjacent radical. In this work we proposed the
scheme to describe the cross-linking reaction mechanism of PEO in the presence
of HPG. The reactivity of radicals may different depending on the position of a
polymer but the majority of blend is PEO. Therefore, the major coupling reaction
between radicals could be due to the radicals on PEO backbone. Some of radicals

in HPG may react with a radical in PEO backbone too as seen in Figure 4.1.

"\~ PEO backbone 0 crosslink point PEO-PEO

&« HPG A Crosslink point PEO-HPG

Figure 4.1. Proposed mechanism of cross-link formation of HPG/PEO hydrogel
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IV.3.2. Thermal properties
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Figure 4.2. DSC measurements of uncross-linked films for various HPG contents
(a) melting point, (b) glass transition point.

Thermal properties of the polymer blend may have some importance for their
processing and application. Figure 4.2(a) and figure 4.2(b) show the DSC
thermograms of uncrosslinked HPG/PEO blends as a function of a HPG
composition. The endothermic peaks representing the melting point (Tm) of
polymer blends appear in a range of 53.4°C—-55.5°C. Tm decreased slightly from
55.5°C to 53.4°C as the content of HPG increased from 0 to 30%. This decrease
might have been caused by the disordered state of the polymer chain, which is
usually observed in miscible blends [40]. The glass transition temperature (Tg) of
a matrix polymer generally decreases in the presence of low molecular miscible

additives owing to the increase in free volume. However, the Tg of HPG/PEO
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blends appearing in a range of -57.9°C to -59.1°C showed the opposite behavior.
The increased Tg with increasing HPG might have been caused by physical
crosslinking interactions such as H-bonding between OH of HPG and C-O-C of
PEO. Both Tg and Tm indicated that HPG influences the thermal properties of

PEO blends.

IV.3.3. FTIR characterization of HPG/PEO hydrogel scaffolds

The cross-linked and dry HPG/PEO films containing 0%, 10%, 20% and
30% of HPG were analyzed using FTIR-ATR spectroscopy (Figure 4.3). The peak
at 2880 cm’' was used as a reference to compare the change of the intensity of
other peaks. The OH stretching peak at 3400 cm™ increased with the increasing
concentration of HPG. The spectra also demonstrated that most of HPG in a
HPG/PEO mixture was incorporated into the cross-linked polymer network after

E-Beam irradiation.

120

100 1 A~
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3500 3000 2500 2000 1500 1000
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Figure 4.3. FTIR-ATR spectra of HPG/PEO cross-linked film.
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1V.3.4. Effect of HPG content on swelling ratio and cross-linking density

The swelling ratio of HPG/PEO hydrogel with various compositions as a
function of swelling time is shown in Figure 4.4(a). The swelling ratio increased
with increasing content of HPG. Specifically, the equilibrium swelling ratio of the
cross-linked hydrogel films increased from 836% in pure PEO hydrogel to 943%
in hydrogel containing 30% HPG. These findings indicated that a higher HPG
content can increase the water absorption capacity of the PEO/HPG network due
to the hydrophilicity of HPG. Another reason for the increased swelling ratio at
30% HPG might be the reduced cross-linking density caused by the low MW of
HPG. As the MW decreases, the number of radicals generated in a polymer
backbone could become lower at the same irradiation dosage. Therefore, the
chance of an intermolecular radical coupling reaction between HPG and PEO
chains might be lower than for high MW pure PEO. Hence, the crosslink density
calculated from the Flory-Rehner equation decreased slightly (p>0.05) in response
to increasing HPG content, as shown in Figure 4.4(b). The results also
demonstrated that HPG did not accelerate the cross-linking reaction as expected
from increased mobility of polymer chains as inferred from thermal analysis. This
was likely because, when the HPG/PEO film was irradiated with a high energy e-
beam, the temperature of the sample increased to near 70°C, which is higher than
the Tm of PEO. Therefore, all radicals in polymer chains have sufficient mobility

to find adjacent radicals and generate a cross-linked bond.
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Figure 4.4. Effect of content of HPG on (a) swelling ratio and (b) cross-linking

density.

IV.3.5. Mechanical properties

To determine the mechanical properties of the scaffolds, which are
important for clinical operation, the tensile strength and compressive modulus of
different hydrogels with different compositions were analyzed. The tensile
strength of wet hydrogel as a function of composition is shown in Figure 4.5(a).
As expected from the swelling ratio, there was no significant difference (p>0.05)
in the high tensile strength of each hydrogel (approximately 0.26 = 0.05 MPa).
The value of the 30% HPG/PEO hydrogel was slightly lower than that of the
others due to a low crosslinking density. The same trend was also observed for the

compressive modulus (p>0.05), as shown in Figure 4.5(c), where all compositions
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had a similar compressive modulus (1.82 + 0.02 MPa). However, as shown in
Figure 4.5(b), the elongation at break increased significantly (p<0.05) with
increasing HPG content, with 30% HPG having the highest value (48.46 +
1.18%). In general, hydrogel having a low crosslink density has poor mechanical
properties. Therefore, these results suggest that the HPG content may have
increased the elongation at break via generation of many physical crosslinks
caused by H-bonding between OH groups of HPG and C-O-C groups of PEO.
The resulting flexibility of scaffolds is important in clinical operations as the

scaffold can be easily torn apart during surgery.
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Figure 4.5. Effect of content of HPG on (a) tensile strength, (b) elongation at

break and (c) compressive modulus.

IV.3.6. Morphology of HPG/PEO hydrogel

It is important to note that porosity is an important parameter to consider
during tissue engineering because a highly porous structure provides a larger
surface area, which increases the cell attachment to scaffolds and promotes better
cell growth through easier passage of nutrients to the growing cells. In this study,
the microstructure of the cross-linked HPG/PEO hydrogels was analyzed by
scanning electron microscopy (SEM). As shown in Figure 4.6, the pore sizes of
pure PEO scaffolds and the HPG/PEO blend system differed significantly. Once
freeze-dried, the pure PEO hydrogel retracted to almost its original size due to a

high crosslink density, indicating a lower porosity than expected. Conversely,
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hydrogels that contained HPG showed uniform and large pore structure. The fine
pore structure generated by the addition of HPG confirmed that HPG plays an
important role in control of the pore size of the hydrogels. The pore size of pure
cross-linked PEO was 36.2 + 4.3 um, which increased significantly from 69—-122
um as HPG content increased. To the best of our knowledge, porous structures
with a size less than 200 um are required for good tissue engineering scaffolds
[41]. As shown in Figure 4.7, the porosity of 30% HPG was about 96.3 + 0.7%,
while slightly smaller porosities of 93.7 £ 1.2% and 92.9 + 1.0% were obtained
for 20% HPG and 10% HPG, respectively. These findings clearly indicate that
hydrogels containing HPG have high porosity (>90%), which is required for high
density cell seeding and supply of nutrient and oxygen [42]. Overall, these results
indicate that HPG/PEO hydrogel film has a suitable pore size and porosity that is

close to ideal for scaffold to be used in tissue engineering [39,43].

Figure 4.6. Microstructure of HPG/PEO hydrogel scaffolds (a) 0% HPG, (b) 10%

HPG, (c) 20% HPG and (d) 30% HPG.
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Figure 4.7. The porosity of HPG/PEO hydrogel scaffolds at various composition.

IV.3.7. In vitro degradation rate of hydrogel scaffolds
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Figure 4.8. Effect of HPG content on the degradation of hydrogel scaffolds.
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Our findings indicate that HPG content influences the in vitro degradation
rate of hydrogel in PBS buffer solution. The weight of hydrogel decreased
significantly on the first day, then gradually decreased within 4 weeks. As shown
in Figure 4.7, a higher HPG content was associated with faster degradation, which
confirms that the presence of HPG causes faster degradation of hydrogel films.
The increased degradation might be due to the hydroxyl groups, which can be
easily protonated as a beginning of hydrolysis. It is well known that an ideal
scaffold should have a proper degradation rate to match the regeneration process
of the damaged tissue [44]. These in vitro results of degradation of HPG/PEO
hydrogel indicate that the degradation rate can be modulated simply by changing

the content of HPG.

IV.3.8. In vitro cytotoxicity

The main problems associated with hydrogel application in regenerative
medicine are use of chemical agents that tend to create toxic by-products upon
degradation as cross-linkers. Several studies have evaluated the fabrication of
hydrogels with less chemical agents to eliminate problems with cytotoxicity [45].
In the present study, hydrogel scaffolds were synthesized by e-beam irradiation
without the presence of any chemical cross-linker. The images of the interaction
between fibroblast cells and the scaffolds at day 1 and 3 are shown in Figure 4.8.

The highest cell density at day 1 appeared in the 30% HPG hydrogel. This could
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have been due to the larger pore size and uniform distribution of pores, which
allowed better absorption of medium, thereby allowing easy transportation of
cells and medium within the matrix. Furthermore, hyper-branched scaffold could
also facilitate cellular attachment. As culture time increased, more cells were
observed proliferating on the scaffolds, indicating the compatible nature of
synthesized HPG. Higher concentrations of HPG in scaffolds with better cell
density were observed at day 3, signifying that better biocompatibility of the
scaffold could be due to the concentration of HPG. As shown in Figure 4.10, cell
viability was high after 1, 3, 5 and 7 days for all compositions of hydrogel
scaffolds. Furthermore, the significant increase of cell viability was observed for
30% HPG at the day 3 (p<0.05). The greatest decrease in cell viability was
observed for 0% HPG at day 9, which may have been related to the low swelling
capacity of pure PEO hydrogel and collapse of the scaffolds. Taken together, these
results indicate that HPG/PEO hydrogel scaffolds produced using an e-beam
exhibit good cell viability and low cytotoxicity since no potential toxic chemical

agents were generated during the synthesis process.
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Figure 4.9. Images of fibroblasts cultured in HPG/PEO scaffolds for 1 and 3 days.

The scaffolds and the cell nucleus are labeled by black and blue, respectively.
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Figure 4.10. Cell viability of HPG/PEO hydrogel scaffolds at any given time

interval.

IV4. Conclusions

In this study, the microporous HPG/PEO hydrogel scaffold was
successfully developed using a simple e-beam irradiation. The FTIR-ATR spectra
showed that most of the HPG was incorporated into the cross-linked scaffold
network. The pore size of hydrogel scaffolds fabricated by this method could be
easily tailored by controlling the content of HPG in the polymer blend. The in
vitro cytotoxicity results demonstrated that HPG/PEO hydrogel scaffolds
exhibited good cell viability and low cytotoxicity, as expected from the materials.

The increasing HPG content also increased the elongation at break, the swelling
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ratio and the degree of degradation. Overall, these results indicate that the cross-
linked HPG/PEO hydrogel has the potential for use as scaffolds for tissue

engineering applications.
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CHAPTER V

CONCLUSIONS AND FUTURE WORK

The development of modified poly(ethylene oxide) (PEO) hydrogel films
with poly(ethylene glycol) diacrylate (PEGDA), poly(ethylene glycol)
dicarboxcylate (PEGDC), and hyperbranch polyglycidol (HPG) was successfully
produced with improved properties using electron beam (E-Beam) for three major
applications namely wound dressing, anti-adhesion barrier and tissue engineering
scaffold.

Cross-linked PEGDA/PEO hydrogel was developed for wound dressing
application. The contents of the PEGDA influenced the gel fraction, swelling
ratio, mechanical properties, and water vapor transmission rate. Healing under the
wet environment of the hydrogel dressing was faster than with a gauze control
and a commercial reference. The results demonstrate the possibility of the facile
production of mechanically robust and transparent wound dressing materials with
improved wound healing characteristics.

The cross-linked PEGDC/PEO and PEGDMA/PEO hydrogels were
developed for an anti-adhesion barrier application. Three different compositions
(10% PEGDC, 10% PEGDMA, 5% PEGDC-5% PEGDMA) were used to
prepare crosslinked hydrogel films. Among them, 10% PEGDC hydrogel film

exhibited the highest tissue adherence. The result also indicated that the carboxyl
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groups in PEGDC affect the tissue adherence of hydrogel films via H-bonding
interactions. In animal studies, 10% PEGDC anti-adhesion hydrogel film
demonstrated better anti-adhesive effect compared to Guardix-SG®.

A microporous hydrogel scaffold was developed from HPG and PEO
using e-beam induced cross-linking for tissue engineering applications. HPG was
synthesized from glycidol using trimethylol propane as a core initiator and cross-
linked hydrogels were made using 0%, 10%, 20% and 30% HPG with respect to
PEO. Increasing the HPG content increased the pore size of the hydrogel scaffold,
as well as the porosity. The pore size of hydrogel scaffolds could be easily
tailored by controlling the content of HPG in the polymer blend. Evaluation of the
cytotoxicity demonstrated that HPG/PEO hydrogel can function as a potential
material for tissue engineering scaffolds.

This study shows the potential of modified PEO hydrogel films for wound
dressing, anti-adhesion barrier and tissue engineering scaffold applications. For
future development, combination ionic crosslinking and radiation crosslinking
could be an advanced research to produce hydrogel with high mechanical strength
and it is necessary to apply the drug loaded hydrogel with traditional medicine to
increase the healing effect of hydrogels especially for wound dressing. Variation
of molecular weight of PEGDC could be a solution to increase tissue adhesion of

hydrogel in anti adhesion barrier application.
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