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Self-inflating hydrogel tissue expanders have drawn great interest for generating new
soft tissue in plastic and reconstructive surgeries. However, their over-rapid expansion
rate can lead to tissue necrosis. Additional coatings or membranes can provide
controlled swelling, but will be damaged upon crafting. This study is concerned with
developing a novel inter-penetrating polymer network (IPN) tissue expander with
controlled expansion and the ability to be crafted by surgeons as well.

Firstly, VP/MMA-PLGA IPN has been prepared by crosslinking a secondary PLGA
network in the presence of a primary VP/MMA network. The incorporation of PLGA
effectively decreases the initial swelling rate and extends the swelling period. It is the
only self-inflating tissue expander at present with controlled swelling and the ability to
be crafted by surgeons. However, the equilibrium swelling ratio is sacrificed with
increased PLGA weight fraction, which will limit the application of this IPN expander
to surgeries that only need small tissue expansions, such as anophthalmia, eyelid, lip or
nose reconstructions.

Secondly, PLGA has been replaced with alternative secondary polymer networks, PLA
and PCL to prepare IPN hydrogels. The swelling behaviour of VP/MMA -PLA IPN and
VP/MMA-PCL semi-IPN is closely linked with the hydrophobicity and weight fraction
of the secondary network, regardless of its glass transition temperature or crosslinking
condition. At a similar weight fraction, the more hydrophobic the secondary network,
the lower the initial swelling rate and the equilibrium swelling ratio, and the longer the
swelling period.

Thirdly, HEMA, VP/HEMA, and HEMA/SA bulk hydrogels have been prepared as
alternative primary networks. Hydrogels show an increased swelling capacity with
increased content of VP or SA, but at the expense of mechanical properties at the
swollen state. Both HEMA and VP/HEMA show a low swelling, which might not be
enough to induce tissue expansion. HEMA/SA shows superior swelling in distilled
water but minimal swelling in non-polar solvents.

Finally, the in vivo study of VP/MMA-PLGA IPN has been performed in a sheep
model. The IPN hydrogels successfully generate tissue growth with the same quality as
natural skin tissue and without any signs of serious inflammation or tissue necrosis. The
rapid degradation of PLGA in vivo can cause the loss in mechanical integrity, leading to
hydrogel collapsing under the restorative force of the skin. But this could be solved by
tuning the ratio of lactide to glycolide in PLGA.
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Chapter One: Introduction



1 Introduction

1.1 Objectives

Self-inflating hydrogel tissue expanders are opening a new way for the treatment of
congenital defects or diseases that need soft tissue expansion. VP/MMA(poly(vinyl
pyrrolidone-co-methyl methacrylate)) hydrogels have been used as the primary tissue
expander. However, the application of VP/MMA is limited by its over-rapid expansion
rate and a lack of control on the overall expansion which might lead to tissue necrosis.
To obtain new skin tissue, numerous devices have specially prepared coatings or
silicone envelopes to control the rate expansion. Unfortunately, they fail to be crafted
by surgeons to fit the specific void volume on the patients as it will damage the coating
or membrane and result in a local burst of expansion.

The objective of this study is to devise alternative methods for the delayed and
controlled swelling of tissue expanders and particularly, with the ability to be crafted
into various shapes and sizes by surgeons.

This study focuses on developing a self-inflating osmotic interpenetrating polymer
network (IPN) hydrogel tissue expander which has an inherent controlled swelling with
the introduction of a biocompatible, biodegradable polymer (e.g. PLGA ) into an
existing primary network (e.g. VP/MMA hydrogel). By tuning the composition ratio
between VP/MMA and PLGA, the initial swelling rate, equilibrium swelling ratio,
swelling period can all be varied and controlled. VP/MM A -PLGA IPN devices will be
implanted in a sheep model and we aim to demonstrate the efficacy ofthe IPN hydrogel
n vivo.

The construction of an interpenetrating polymer network offers various combinations of

primary and secondary polymer networks. This study also searches for alternative
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primary networks (such as HEMA, VP/HEMA, HEMA/SA) and alternative secondary
networks (such as PLA, PCL) for the complementary properties of the IPN hydrogel.
The primary requirements for a desirable tissue expander is good swelling capacity and
the ability to maintain its mechanical integrity and original shape at the swollen state.

This approach saves the trouble of preparing a permeable membrane or coating and
gives the tissue expander an inherent controlled swelling, making it convenient for
surgeons to craft it to serve complicated medical needs. IPN provides a new way to
prepare tissue expanders with the possibility of acquiring combined desirable

properties.

1.2 Thesis Outline

The thesis starts with a literature review related to this study. Tissue expansion and
tissue expanders are reviewed in terms of the history, the materials and methods used,
and the problems and limitations. Hydrogels are reviewed focusing on their swelling
behaviour, the factors that affect the swelling and potential hydrogels to be used as
tissue expanders. Inter-penetrating polymer networks are then reviewed pointing out
their superiority over traditional hydrogels and the most widely studied IPN hydrogels
at present.

Chapter 3 demonstrates the preparation and characterization of VP/MMA -PLGA IPN
hydrogel tissue expanders. The swelling behaviour, mechanical properties and the
internal structure will be examined as a function of PLGA weight fraction. The potential
of controlling the expansion will be discussed.

Chapter 4 concerns alternative secondary polymer networks, PLA and PCL, for the
preparation of IPN hydrogels. The swelling behaviour, the mechanical properties, the
internal morphology of VP/MMA-PLA IPN and VP/MMA-PCL semi-IPN hydrogels

will be discussed and compared with those of VP/MMA-PLGA IPN hydrogels. The
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influence of the properties of the secondary polymer network on the swelling behaviour
of the IPN hydrogels will be discussed.

Chapter 5 explores the alternative primary networks, HEMA, VP/HEMA and
HEMA/SA hydrogels. The synthesis methods of bulk, crack-free hydrogels and their
swelling behaviour and mechanic properties will be demonstrated. Their possibility to
be used as the primary network of IPN hydrogels will be discussed.

Chapter 6 describes the in vivo study of the VP/MMA-PLGA IPN hydrogels. IPN
hydrogels will be sterilized and implanted in a sheep model and their swelling
behaviour and the histology results will be discussed.

Finally, Chapter 7 draws the conclusions of this study and Chapter 8 concerns with the

future work.



Chapter Two: Literature Review



2 Literature Review
2.1 Definitions

2.1.1 Tissue Expansion

Additional soft tissue, especially skin tissue, is highly needed in plastic and
reconstructive surgeries. The traditional method of using free grafts or flaps are not
ideally suitable because of a lack of free grafts and the mismatch of colour and texture.
The idea of growing new soft tissue locally would be convenient to solve those
problems.

Skin is the largest organ of our body, which has the ability to generate new cells under
chronic and proper stretch[1]. Normally, the skin is in a natural state of resting
tension[2], at its biological equilibrium. Once stretched beyond the physiological limit,
a series of stretch-induced signalling pathways are triggered[3]. Cells will convert
mechanical stimulus into electro-chemical activity that will bring a cascade of changes
in cytoskeletal structure, extracellular matrix, enzyme activity[1]. The skin cells will
then replicate itself to restore the state of resting tension, thus generating additional soft
tissue.

Using this particular ability of skin tissue, researchers have placed a rubber balloon
beneath the skin to grow new tissue by adding air or fluids into the balloon via an
injection point. This process is called tissue expansion and the materials implanted
beneath the skin are called tissue expanders. Tissue expansion is a relatively new
method to grow additional soft tissue that can be subsequently used to cover a

permanent implant or a nearby defect.

2.1.2 Silicone Balloon Tissue Expander

The first tissue expander was introduced by Neumann[4] in 1957. Neumann inflated a
5



rubber balloon with air several times a week over 2 months. Skin had been observed to
expand from 12 square inches to 18 square inches, which was sufficient to cover the
cartilaginous graft in the repair of an avulsed ear. Later Radovan[5] used tissue
expanders in post mastectomy breast reconstruction by intermittent injections of saline
into silicone balloons. The saline water inflated silicone balloons can be produced in
various sizes and shapes and are now widely used in the medical world. However, these
manually inflated silicone balloons cause immediate tensions that compress blood
supply and cause tissue hypoxia, resulting in skin necrosis and perforation[6]. The
existence of the percutaneous filling port largely increases the incidence of infection
and complications and manual inflation discomforts the patients[7]. Moreover, any
leakage, rupture, or malfunction of the balloons or injection ports can cause serious

problems[8].

2.1.3 Osmotic Tissue Expander

Because ofthe disadvantages of traditional silicone balloons, some researchers began to
look into self-inflating tissue expanders made of biocompatible hydrogels using osmotic
as a driving force in body fluids. In 1982 Austad and Rose[9] introduced a silicone
balloon filled with sodium chloride wrapped with a semi-permeable silicone membrane.
But the inflation periods were too long (8-14 weeks) and there were high risks of
leakage and membrane rupture which would lead to saline exposure inside the body.
Later in 1993 Wiese[10, 11] introduced a solid, self-inflating hydrogel expander using
the copolymer of methylmethacrylate(MMA) and vinylpyrrolidone(VP). He verified the
biocompatibility and swelling pressure of the VP/MMA hydrogel and suggested it had
desirable properties in clinical applications. The swelling ratio of VP/MMA hydrogels
was 250-300% when implanted in the body[10]. Higher swelling ratio could be

achieved by replacing the -CH3 groups in the copolymer chains with -COOH groups
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which can dissociate into COO™ and H" leading to a higher osmotic pressure[11]. Figure
2.1 is the comparison between a conventional silicone balloon expander and a self-
inflating hydrogel tissue expander with the same final volume. Conventional silicon
balloon is much more cumbersome than the solid anhydrous hydrogel, requiring a much

larger incision on the patient.

0lZ34567KQI)IIIZIJMISMU!RIQZOZIH

Figure 2.1 A conventional silicon balloon expander and a solid self-inflating hydrogel with the same
nominal final volume (reproduced from [11])

2.1.4 Current Problems and Limitations

The use of tissue expanders not only regenerates skin tissue with the perfect colour and
texture match for the patients but also provides possibilities for treatments that require
soft tissue augmentation first. Osmotic tissue expander has been used in congenital
anophthalmia[12], breast reconstruction[13], burnt skin reconstruction[14] and showed
promising results. However, the over-rapid expansion rate and the lack of control on the
expansion remain a big problem. Skin necrosis occurs if the expansion proceeds too
rapidly. Excess tension may compress the blood supply of the local tissue that results in
necrosis. The first generation of osmotic tissue expander lacked a permeable membrane
and reached its maximum swelling one or two days after implantation, which caused
skin ischemia and necrosis. The second generation of osmotic tissue expander was

equipped with a semi-permeable silicone membrane which is 0.2 to 0.5 mm thick and
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achieves slower swelling over 6-8 weeks[13]. Clinical tests[13, 14] have demonstrated
the need to slow down the expansion rate to allow enough time for wound heal and
tissue growth, and avoid wound dehiscence and tissue ischemia which will eventually
lead to implant extrusion. A more gradual and delayed expansion not only decreases the
rate of complications but also facilitates tissue expansion with more tissue grown as
verified in a porcine model[15].
A desirable hydrogel tissue expander should have the following properties:

1. Selfinflating with good swelling capacity

2. Good biocompatibility, elasticity and mechanical mtegrity during expansion

3. Delayed initial expansion to allow enough time for wound heal and controlled

expansion over time to avoid tissue necrosis and complications
4. The convenience to be easily crafted by the surgeon to best fit into the desired

void volume of the defects

2.2 Hydrogels

2.2.1 Definition of Hydrogels

Hydrogels are physically or chemically crosslinked three-dimensional networks which
are able to absorb and contain large amounts of water or biological fluids[16, 17]. The
term hydrogel was first introduced by Wichterle and Lim in 1960 on crosslinked HEM A
hydrogels[18].

Hydrogels have been widely studies in drug delivery and tissue engineering because
they resemble the biological tissues[19]. The high water content and rubbery nature of
hydrogels guarantee minimal tissue irritation[20]. Hydrogels have been widely used in
drug delivery because of therr ability to respond to external stimuli by swelling and de-

swelling in various physiological conditions. For example, one of the most widely used



thermal-responsive hydrogel poly(N-isopropylacrylamide) (PNIPAAm) is  highly
developed for drug delivery system because of its unique volume phase transition in
water around 32°C[21]. It means the hydrogel swells below this temperature and
deswell or collapse above this temperature. This enables PNIPAAm-based hydrogels to
control drug release in response to temperature change.

Hydrogels have the benefits of being biocompatible, easy to modify, sensitive to various
stimulus and providing controlled release of drugs. But they also have the limitations of
being fragile (low mechanical strength) and difficult to sterilize, non-adhesive to cells

and costly to manufacture.

2.2.2 Classification of Hydrogels

Hydrogels are kept from dissolving in water because of the existence of physical or
chemical crosslinks in their networks. Thus hydrogels can be divided into chemically
crosslinked and physically crosslinked hydrogels. Physical hydrogels, are held together
by physical interactions, such as molecular entanglements, ionic interaction, hydro gen
bonding and hydrophobic bonding[22]. Chemically cross-linked hydrogels are called
permanent hydrogels because they are crosslinked by covalent bonds. Chemical cross-
linking uses a cross-linking agent (crosslinker) to link two polymer chains. The cross-
linking is achieved by their functional groups (such as —C=C) with cross-linkers such as
N, N-methylenebisacrylamide(BIS), potassium persulfate(KPS), ethylene glycol
dimethacrylate(EGDMA).

Hydrogels can also be classified based on the natural or synthetic monomers used
during preparation, the method of preparation(homopolymeric hydrogels, copolymeric
hydrogels or multipolymer interpenetrating polymeric hydrogels) and the network

electrical charge(such as nonionic, anionic, and cationic).



2.2.3 Synthesis of Hydrogels

Hydrogels can be made from natural polymers like hyaluronic acid, carrageenan, pectin,
chitosan, collagen and gelatine, or from synthetic polymers like polycaprolactone,
poly(hydroxyethyl methacrylate), poly(vinyl pyrrolidone) and poly(acrylamide).
Synthetic polymers have several advantages, such as easy control of monomer ratios,
tuneable swelling and mechanical properties, but many synthetic hydrogels are non-
adhesive to cells such as PEG[23]. Natural polymer hydrogels have the advantages of
being hydrophilic, having abundant natural sources and similar structure to biological
macromolecules[24]. So it is better to combine natural and synthetic polymers for the
synthesis of hydrogels.

In general, hydrogel preparation involves use of monomers, initiator and crosslinker.
The final properties of the hydrogel depend on the concentration ratios as well as the
preparation method. There are many methods of preparing hydrogels, and the main two
ways are thermal polymerization and radiation crosslinking. Thermal polymerization
technique has been widely used to synthesize hydrogels [25, 26]. Radiation cross-
linking uses high energy source such as gamma ray, X-ray or electron beam on the
polymer to produce free radicals for polymerization. Radiation induced hydrogels have
gained high interest because it does not need chemical additives (cross-linker or
initiator, many of which are toxic) and can combine hydrogel formation and

sterilization in one step. In this way, the biocompatibility is largely increased.

2.24 Hydrogel Swelling
Swelling in hydrogels occurs when water molecules get absorbed by the gel. When
water molecules enter a hydrogel network, they firstly bound to the polar groups of the

polymer chains(bound water), then form freezing bound water(clusters around bound
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water) and finally exist as free water(mobile in the void volume) after bound and
freezing bound water have reached their maximum contents[27]. It was later proved
that free water also exists in the early stage of swelling but at the initial stage, the
fraction of non-freezing water(relative to its equilibrium value) Q1 is greater than that of
freezing water Q2. Q1/Q2 decreased with swelling time or a higher content of the
hydrophilic component[28]. The more hydrophilic the hydrogel network, the more
binding sites it provides for water molecules and the more water molecules are attracted

in to reside as free water, expanding the polymer chains as shown in Figure 2.2.

Before swelling After swelling
Free water

. Bound and freezing bound water

Figure 2.2 States of water in a hydrogel network

According to the Flory-Rehner theory[29], the swelling process of a non-ionic hydrogel
can be described by the free energy of mixing AGmix and the elastic free energy AGelastic
from the crosslinked network, as shown in equation(2.1):

AGsystem = AGmix + AGelastic 2.1)
At the beginning of swelling, the AGmix << 0, AGelastic > 0, AGmix + AGelastic < 0, so
solvent molecules diffuse into and expand the hydrogel network. As swelling increases,
the AGmix and AGelastic both increase until | AGmix | =| AGetastic | and AGsystem = 0,
then swelling reaches the equilibrium state and maintains the balance.
Thus the swelling pressure of a non-ionic gel can be described as the sum of an osmotic

pressure Ilos which tends to uncoil the polymer chains and expand the network and an
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opposing pressure Ilel which acts against the expansion as shown in equation (2.2):
1= Tost Ie (2.2)
The swelling stops when Ilost Ile=0. The swelling pressure depends on the
hydrophilicity/hydrophobicity of the polymer network, the crosslinking or ionisation
degree, polymer-solvent interactions, and the environmental conditions such as
temperature and pH. Hydrophilic groups and dissociated ions will increase the osmotic
pressure Ilos while higher effective crosslinking density (as a result of increased
crosslinker content or hydrophobic bonding) will increase the elastic pressure Ilei.
The swelling pressure of an ionic hydrogel[30] is more often written as in equation
(2.3) because of an additional pressure generated from the mixing of ions with the
solvent:
I1= Iost et + ITion (2.3)
The osmotic pressure of a polymer hydrogel Ilos, is also described[29] as shown in
equation (2.4):
Mo = =4 [In(1 = @) + o +x0,°] (2.4)
Where ¢, is the polymer volume fraction, V; is the molar volume of the solvent, R is
the universal gas constant, T is the absolute temperature, y is the Flory-Huggins
Interaction Parameter. y characterizes the thermodynamic interaction between the
polymer network and the solvent during the mixing. According to Flory-Huggins
theory[29], x takes a higher value when the interaction between the polymer and
solvent is weak, which also means the polymer network is more hydrophobic. The value
of y [31] can be calculated using equation (2.5), where y, is the effective crosslinking
density of the hydrogel, f is the functionality of the crosslinker used in the preparation

of the hydrogel:
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For a glassy hydrogel, the swelling is mainly composed of three steps:

1. Water molecules diffuse into the polymer network due to osmotic pressure

2. Water molecules act as a plasticizer and uncoil the polymer chains

3. The glassy state becomes a rubbery state, causing the network to expand with

the free volume occupied by water molecules
Numerous mathematical models[32, 33] have been proposed to describe the kinetics of
hydrogel swelling but the most widely used and well accepted are the Fickian diffusion
models which are based on Fick’s laws. Fick’s first law assumes that flux diffuses from
the high concentration region to low concentration region and the rate depends on the
concentration gradient. Fick’s first law[34] is shown in equation (2.6), where J is the
diffusion flux per unit area per unit time, D is the diffusion coefficient, @ is the
concentration per unit volume, X is the position:
J=-D2 (2.6)

Diffusion processes that are described by equation (2.6) are called Fickian diffusion,
which is common in rubbery polymers or when the experimental temperature is above
the Ty of the polymer network. In this case, the polymer chains are mobile enough to
allow immediate penetration of water molecules, ie. the solvent diffusion rate, Ruift, is
much slower than the polymer chain relaxation rate, Rrelax. Fickian diffusion shows a
linear relationship between the solvent uptake and the square root of time.
Diffusion processes that don’t obey equation (2.6) are called non-Fickian diffusion. This
always happens in a glassy polymer, or when the experimental temperature is below the
Tg of polymer. Thus the polymer chains do not allow immediate penetration of the

solvent and the rate of chain relaxation is much slower or comparable to the rate of
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solvent diffusion. When Rrelax is much slower than Raifr, it is called Case II diffusion.
When Ruifr & Rrelax, it is called anomalous diffusion.

Different diffusion processes correspond to different relationships between solvent
uptake and time. An empirical equation, called power law equation is widely used to
determine the diffusion mechanism of the hydrogels, as shown in equation(2.7)[34],
where M, is the water uptake at time t and M, is the water uptake at the equilibrium

state, k is a constant and n is the diffusion exponent:

M = pen 2.7)

Moo
The exponent n shows the type of diffusion mechanism. When n<0.5, it is Fickian
diffusion, which is also called diffusion controlled swelling. When n equals 1.0, it is
Case II diffusion which is relaxation controlled swelling. When n is between 0.5 and
1.0, it is anomalous diffusion, where swelling is both diffusion and relaxation
controlled. The diffusion mechanism, diffusion exponent, time dependence and rate

difference are summarized i Table 2.1:

Table 2.1 Diffusion Mechanism, diffusion exponent, their time dependence and rate difference

Type of Diffusion Diffusion Exponent Time Rate
n Dependence
Fickian Diffusion 0.5 or smaller tl/2 Raiff << Rrelax
Anomalous Diffusion 0.5<n<1 -1 Raiff = Rrelax
Case 11 Diffusion 1 t Raitr > Rrelax

2.2.5 Factors Affecting Hydrogel Swelling
The swelling of a hydrogel is mainly affected by the following factors:
1. Innate  propertics of the polymer network such as the
hydrophilicity/hydrophobicity, effective crosslinking density (can be affected
by crosslinker content and monomer ratios), ionisation degree of the network,

the interactions between individual monomer components.

14



2. Environmental conditions such as pH, temperature, the polarity of the solvent,
the presence of electric or magnetic field.

3. The interactions between the polymer and the solvent, for example, an ionic
polymer network shows good swelling in distilled water because of the
dissociated ions that increase the osmotic pressure. But it will not swell in non-
polar solvents because ions prefer to form ion pairs and multiplets in less polar
solvent.

For tissue expanders, it is important to tune the innate properties for delayed and
controlled swelling. Also, tissue expanders will be implanted in animal or human
bodies. In vitro studies are always performed in distilled water or phosphate buffer
solutions. Thus it is important to know how hydrogels will actually behave in living
mammals. The local change in the temperature, pH or ion concentrations will cause
drastic changes to the swelling of a hydrogel.

2.2.5.1 Monomer Ratios (i.e. Hydrophilicity/Hy drophobicity)

The swelling rate and equilibrium swelling ratio of a hydrogel depends on the polymer
and solvent interactions. And the monomer ratios used in the preparation determine the
final property of the hydrogel network. A hydrophilic polymer network tends to have
strong interactions with water or other polar molecules and attract them through
hydrogen bonding. A hydrophobic network tends not to bond with water or polar
molecules and only interact with non-polar molecules.

The hydrophilicity/hydrophobicity of a polymer network is determined by measuring its
water contact angle. The contact angle measures the wettability of a solid surface by a

liquid or vapour via the Young’s equation shown in Figure 2.3:
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Young's Equation
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Figure 2.3 Young’s equation measuring the contact angle

The contact angle can be measure directly by a telescope-goniometer[35] or by
advanced imaging techniques like AFM(atomic force microscopy)[36]. A small contact
angle(less than 90°) corresponds to a relatively more hydrophilic surface that favours
wetting with the liquid. While a large contact angle (greater than 90°) corresponds to a
more hydrophobic surface which prefers minimized contact with the liquid. The more
hydrophobic the surface, the higher the contact angle. In biomaterials and tissue
engineering, researchers tend to define a surface as hydrophobic when its water contact
angle is higher than 65°, considering the biological activity such as cell adhesion on the
surface[37].

Davis and Huglin have done a lot of research on N -vinyl-2-pyrrolidone(VP) based
copolymeric hydrogels. They prepared VP/MMA (methyl methacrylate) copolymeric
hydrogels[38] using y irradiation and found the equilibrium water content(EWC) to
increase from less than 5% to over 80% when VP content was increased from 5% to
85%, whether in the presence or absence of a crosslinker. They also prepared
VP/HEM A(hydroxyl ethyl methacrylate) copolymeric hydrogels[39] and found the
EWC to increase from 40.4% to 85.4% when VP content was increased from 5% to
70% in the absence of a crosslinker. The difference in EWC is a result of the

hydrophilic/hydrophobic difference between the hydrogel networks due to varied
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monomer ratios. VP has been reported to have a contact angle of around 5°[40], while
MMA and HEMA have been reported to have a contact angle of 71.5°[41] and 60°[42],
respectively. This shows VP is highly hydrophilic while HEM A and MMA are relatively
more hydrophobic. More hydrophilic groups on the polymer chains provide more
binding sites for water molecules, while hydrophobic groups repel water molecules and
act as a steric hindrance at the same time, preventing them from binding with
hydrophilic components[43].

VP has been widely accepted and used as a highly hydrophilic polymer to modify other
polymers to lower their water contact angles[44]. EWC of VP/BA(butyl acrylate)
copolymeric hydrogels was shown to increase at almost the same magnitude as the
increase in VP content[45]. VP modified poly(vinylidene fluoride) (PVDF) membrane
was shown to have a contact angle of 24° compared with the unmodified PVDF
membrane of 84°[46]. The contact angle of P(VP-co-HEMA) was found to decrease
from 75% to 15% when VP content was increased from 0% to 90%[47].

2.25.2 Type and Concentration of Initiator and Crosslinker

Most research shows that an increased initiator or crosslinker concentration leads to an
increased crosslinking degree (number of crosslinks per unit space), thus a stronger
network with less chain mobility. This will further lead to a slower water uptake and
lower equilibrium swelling ratio.

PDMAA/Clay(poly N,N-dimethylacrylamide/clay) hydrogels prepared with AIBN
(azobisisobutryonitrile) as the initiator were shown to be 2000% higher in the swelling
ratio than those prepared with KPS(potassium peroxodisulfate)[48]. An extended
swelling period and improved mechanical properties were observed as well

Davis and Huglin[49] prepared PVP hydrogels crosslinked with EGDMA. They

increased EGDMA content 0.5wt% to 5wt%, and found the EWC to decrease from
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95.7% to 77.4% and the free water fraction to decrease from 85.7% to 66.5% as
confirmed by DSC. They also prepared VP/MMA hydrogels and found the EWC to
decrease around 30% when EGDMA content was increased from 0.4% to 4%][31].

Haldon and Lee[50] prepared PHEMA hydrogels with three different crosslinkers,
EDMA, TPT(trimethylol propane trimethacrylate), =~ PETMA(pentaerythritol
tetramethacrylate) and found the EWC to decrease with increased crosslinker molar
content in each case. The difference in the functionality of the crosslinker did not seem

to affect the EWC at the same crosslinker molar content, as shown in Figure 2.4.

T T 1 T 1 T T 1 1 | I ) |
O EDMA
035 -
. A TPT
g 0.30} + PETMA
]
2 4 A
h A a
025 + 4
1 | L 1 1 1 1 I 1 1 1 |

|
19 20 30 40 50 80 7O BO 90 00 HO 20 130
Added cross linking groups (mol- %)

Figure 2.4 Equilibrium water content of PHEMA prepared with EDMA, TPT, and PETMA (reproduced from
(50])

The swelling ratio of poly(methacrylic acid) hydrogels was found to decrease by half
when the crosslinker content was increased from 0.003(mol%) to 0.006 and by one
third when the mitiator content was increased from 0.06(mol%) to 0.1[51].

Different crosslinker or initiator concentrations change the number of crosslinks per
unit volume as well as the average distance between two consecutive crosslinks, i.e. the
mesh size, as shown in Figure 2.5. The mesh size § was introduced by Peppas[52] to

measure the free volume(nanometer scale) in the polymer network that could provide
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accommodation for water molecules or other solvents. The molecular weight between
two consecutive crosslinks is defined as Me. & is indicative of the swelling capacity and
the swelling rate as it shows effective space for diffusion and accommodation of water
molecules. Mesh size § can be described using equation(2.8)[53], where Q is the
volume swelling ratio, Cn is the polymer characteristic ratio, M is the molecular weight

of repeating units, 1is the carbon-carbon bond length(1.54A):

£ = Q1/3 (ZCn_Mc)”Zl 2.8)

MT
Thus a higher crosslinker or initiator concentration results in an increased number of
crosslinks per unit volume. This then leads to a decreased mesh size, which means less
effective space for water diffusion and less free volume for water molecules
accommodation, ie. a smaller equilibrium swelling ratio Q.. The existence of more

crosslinks also acts as barriers for water diffusion, leading to a decreased swelling rate.

low crosslinker content high crosslinker content
Increase more crosslinks per unit volume lower swelling rate
in smaller £, smaller Mc lower Q,
crosslinker lower chain mobility lower EWC
content less free volume for H,0 stronger network

Figure 2.5 Changes brought by increased crosslinker content

Changing crosslinker concentration to control the drug release rate has been applied on
PHEMA hydrogels[54]. Drug release rate was decreased by over 80% when the
concentration of EGDMA was increased from 0% to 40% in the solution where

PHEMA had been soaked.
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2.2.5.3 Intensity of Irradiation

The mesh size can be affected by the change in crosslinker concentration as well as the
intensity of irradiation. In both cases, the number of crosslinks per unit volume will be
changed and the corresponding change in mesh size will affect the swelling behaviour
of hydrogels. Increased irradiation (either increased dose or treating time) will lead to
an increased number of crosslinks and a decreased mesh size.

UV treated PHEMA hydrogels were found to have a decreased drug release rate by 30%
when UV irradiation time was increased from 0 to 60 minutes[54]. The swelling ratio of
PVA(polyvinyl alcohol)/PVP hydrogels was decreased from around 20 to 12 when vy
irradiation dose was increased from 20kGy to 40kGy[55]. The swelling ratio of kappa-
carrageenan/acrylamide hydrogels could be decreased by 300 when vy irradiation dose
was increased from 7.5kGy to 12.5kGy depending on the composition ratio[56].

In contrast to these works, Lee & Bucknall[57] found the equilibrium swelling ratio of
VP/HEMA hydrogels to increase from around 8 to 11 when UV intensity was increased
from 0.0075 to 2.65mW/cm?2. They explained that it was attributed to the over-rapid
reaction rate generated by increased UV intensity that left inadequate time for crosslink
formation. Thus more dangling chains were left in the hydrogel network, leading to an
increased molecular weight between consecutive crosslinks and a decreased mesh size,

as shown in Figure 2.6.

(@) @)

Figure 2.6 Schematic of VP/HEMA hydrogel network prepared at (a) lower (b) higher UV intensity
(reproduced from[57])
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Hydrogel tissue expanders need to be sterilized before the implantation in animals or
humans. Generally a minimum dose of 25kGy is required for various medical
mplants[58].

2.2.5.4 Effect of ions and pH

The swelling of a hydrogel can be affected by ions and pH of the swelling medium.
VP/AA hydrogels were prepared which showed volume transition with pH change and a
transition point of pH=4[59]. The swelling ratio Q of VP: AA 60:40 remained
unchanged under pH=2 or over pH=6. Q increased from 20 to 110 when pH was
increased from 2 to 6. The volume transition was observed for all VP/AA hydrogels
with different VP: AA ratios, which was attribute to the dissociation of ions when pH
approached the dissociation constant pKa of AA (4.25) that increased the osmotic
pressure of the hydrogels.

Wiese[11] has studied the swelling of VP/MMA in a variety of solutions. They modified
VP/MMA by changing —CH3 groups into —COOH groups for higher swelling. The
swelling ratio (Q) of the modified VP/MMA was 30 in distilled water. Q decreased to
around 8.8 in 0.9% NaCl solution (~150mmol/L) and a further 5.8 in equimolar Ringer
solution (Na* 147mmol/L, K* 4mmoVL, Ca?* 2.3mmol/L, CL155.5mmol/L). Q was 9.5
in 15% mannitol solution and 7.6 in a mixture of 15% mannitol and 0.9% NaCl These
demonstrate that the swelling ratio decreased with increased concentration and ion
content in the swelling medum.

AAm/CA (acrylamide/crotonic acid) and AAm/IA(acrylamide/itaconic acid) hydrogels
were prepared under y irradiation[60]. The swelling ratio of AAm/CA decreased from
18 in distilled water to 14 in 0.9% NaCl solution, while that of AAm/IA decreased from
16 to 10. They explained that with the diffusion of Na™ into the hydrogel, there would

be increased interactions between Na* and the carboxyl groups on the polymer chains,
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leading to a decreased amount of -COO" to bind with water molecules.

The osmotic pressure generated by ions is described in equation (2.9)[29], Where Cig is

the mobile concentration of ion i inside the hydrogel network, C; is the mobile

concentration ofion iin the solvent, R is universal gas constant and T is temperature:
Tion = RT X:(C7 = C7) 2.9)

Equation (2.9) demonstrates that the greater the difference of ion concentrations, the

higher the swelling pressure generated by mixing the ions with the solvent, and the

higher the swelling rate and equilibrium swelling ratio.

2.2.6 Inverse Relationship between Swelling Capacity and Mechanical
Strength of Hydrogels

To be used as a desirable self-inflating tissue expander, the hydrogel needs to be highly
expandable, controllable and also capable of withstanding the compressive pressure
exerted by the skin when implanted under the subcutaneous layer. Thus it is important
to maintain its mechanical integrity and original shape during swelling and at the fully
swollen state as well. However, in the history of hydrogel preparation, there seems to be
an inverse relationship between the swelling capacity and the mechanical properties of
the hydrogels. As has been discussed above, the swelling capacity of a hydrogel can be
affected by monomer ratios, crosslinker content and irradiation intensity. Higher
proportion of hydrophilic components, lower crosslinker content or less irradiation will
result in a higher swelling ratio, leading to a mechanically weaker hydrogel at the
swollen state.

Hydrogels could rupture or collapse during expansion when the ratio of hydrophilic
component is too high. VP/MMA hydrogels with VP:MMA 85:15 weight ratio were
found to break up during expansion[38]. The compressive modulus of swollen

VP/MMA hydrogels was decreased from 13.1MPa to 0.15MPa when EWC was
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increased from 32.9% to 82.6%[38]. The compressive modulus of VP/HEMA hydrogels
were found to decrease from 220kPa to 10kPa when equilibrium swelling ratio was
increased from around 8 to 80[57]. The inverse relationship between swelling capacity
and the mechanical properties (swollen states) can be found in various reports [61-63].
The reason is that when a hydrogel absorbs water, water molecules get inside the gel
network and act as plasticizers, decreasing the glass transition temperature of the
network and promoting the chain mobility. Thus, the more water molecules the
hydrogel contains, the less energy it needs to unfasten the polymer chains for
deformation.

In recent years, novel hydrogels with extremely high mechanical strength have been
developed, but they all come at the expense of swelling abilities. Nanocomposite(NC)
hydrogels composed of NIPA(N-isopropyl acrylamide) and inorganic clay were
prepared with superior tensile properties than traditional hydrogels[64]. But the
swelling ratio decreased from 110 to 48 when tensile modulus was increased from
1.5kPa to 9.9kPa. Gong et al.[65] prepared super-tough IPN hydrogels using different
combinations of primary and secondary networks as shown in Table 2.2. Table 2.2
shows that the incorporation a loosely crosslinked secondary network can effectively
increase the fracture stress but it comes at the expense of EWC. For example, EWC of
Agarose/HEMA decreased from 96% to 66% when fracture stress was increased from
0.02MPa to 2.4MPa. However, there were some combinations that show an insensitive
decrease in EWC with significantly increase in fracture stress. For example,
PAMPS/PAAm hydrogels could withstand 17.2MPa compression while maintaining
around 90% of water content. The swelling process was not shown but it is worth into

this kind of hydrogels for use as tissue expanders.

23



Table 2.2 Compressive and swelling properties of IPN hydrogels (reproduced from[65]) (PAMPS- poly(2-
acrylamido-2-methylpropanesulfonic acid), PAAm-polyacrylamide, TFEA-2,2,2-trifluoroethyl acrylate, PAA-
polyacrylic acid, PDMAAm-poly(N, N’-dimethyl acrylamide))

First network Second network Water content  Fracture stress  Fracture strain  Omax- /Omax
[Wt.-%] Omac [MPa]  max [%]
PAMPS-1-4 [a] - 92 0.4 41 -
PAMPS-2.2-0.1 93 3.0 30 7.5
PAA-1-0.1 92 2.3 5 5.8
PAAmM-2-0.1 90 17.2 92 43
PAMPS-1-8 - 98 0.006 [b] 0.13 [b] -
TFEA-1-0.1 52 1.6 [b] 4.9[b] 267
PAA-1-4 - 99 0.1 65 -
PAA-1-0.1 95 0.7 77 7.0
PAAmM-1-0.1 89 2.1 95 21
PAAmM-1-1 - 93 0.7 98 -
PAAmM-1-0.1 92 5.4 92 7.7
P(AMPS-co-TFEA)-14 - 98 0.03 73 -
AAm-1-0.1 93 21.0 97 700
Collagen [c] - 93 0.26 52 -
PDMAAmM-1-0.1 87 2.9 53 11
Agarose [c] - 96 0.02 20 -
HEMA-2.5-0.1 66 24 87 120

Bacteria cellulose - - - - -
Gelatin 78 37 37 31[d]

[a] P-x-y: P. x, and y denote the abbreviated polymer name, molar monomer concentration, and the crosslinker

concentration in mol-% with respect to the monomer, respectively. [b] Stretching properties. [¢] Physically cross-

linked gel prepared from 2 wt.-% solution. [d] Relative to gelatin SN gel.

Hydrogels with extensive swelling capacity, i.e. superabsorbent hydrogels (SAH) have
also been widely studied but most of them are not mechanically strong enough to be
used as tissue expanders. For example, a polyrotaxane gel could absorb water up to 400
times its dry weight while maintaining its original shape. But its elastic modulus was
only 500Pa[66]. DMAA(N, N-dimethylacrylamide) hydrogels could swell up to 70
times its original size but the tensile modulus at swollen state was only 1000Pa which
may not be enough to be used as tissue expanders[67]. Polyacrylamide-sodium alginate
IPN hydrogels showed a swelling ratio of 40-50 while being able to be stretched to 2-3
times its original length and also resist a static mechanical pressure of at least 10N at its
swollen state[68]. But the increase in mechanical properties was shown to be a result of
increases Ca’?* concentration (for crosslinking alginate) and also decreased with
swelling capacity. Thus the swelling can be largely offset when implanted in vivo

because of the existence of ions in physiological conditions.
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2.3 Potential Hydrogels Used as Tissue Expanders

2.3.1 PVP (polyvinyl pyrrolidone) Based Hydrogels

PVP has been widely used in the biomedical world because of its good biocompatibility
and non-toxicity[69]. It was used as a safe plasma expander in the 1940s[70]. PVP is
highly hydrophilic because it contains the amide groups on its polymer chains[71], as
shown in its chemical structure in Figure 2.7. PVP based hydrogels have the potential to

be used as tissue expanders because of their non-toxicity and good swelling capacity.
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Figure 2.7 Chemical structure of PVP
Controlled swelling of PVP based hydrogels can be achieved by copolymerization,
changing crosslinker content or irradiation dose. VP/BA(butyl acrylate) copolymeric
hydrogels with a wide range of swelling and mechanical properties were prepared with
varied monomer ratios[72]. EWC ranged from 1% to 89% with a corresponding
compressive modulus from 0.12MPa to 0.05MPa. PVP hydrogels crosslinked with 1-
2wt% EGDMA under vy irradiation were found to rupture and lose their original shapes
upon swelling due to a lack of formed crosslinks, while those with 3-5% EGDMA
remained intact[73]. But those with 6-7% EGDMA collapsed again because of the
inhomogeneous distributed crosslinks. The swelling behaviour of PVP hydrogels was
found to change with y irradiation dose[74], as shown in Figure 2.8. The swelling ratio
decreased from 80 to less than 5 when irradiation dose was increased from 3kGy to

30kGy. PVP prepared under 3kGy reached the equilibrium state in 8 days, showing
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potential to be used as tissue expander. But its mechanical properties at the swollen

state were not shown.
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Figure 2.8 Swelling behaviour of PVP hydrogels as a function of time under varied irradiation
doses(reproduced from[67])

Despite its high swelling capacity, the application of PVP hydrogel is limited by its
weak mechanical property[75, 76]. The mechanical properties of PVP hydrogels can be
enhanced through copolymerization[45], or formation of IPN hydrogels[77] with other
polymers. The compressive modulus of swollen VP/HEMA hydrogels increased from
0.083MPa to 0.813MPa when VP content decreased from 60% to 5%[78]. At a fixed
VP:HEMA ratio(70:30), the compressive modulus increased from 1MPa to 3MPa with

increased crosslinker(EDMA) content from 0.25% to 4%[78][78][781[781[781[78].

2.3.2 PMMABased Hydrogels

The chemical structure of PMMA is shown in Figure 2.9. Poly(methyl methacrylate)
(PMMA) has been used as a major material as intraocular lenses for treating
cataracts[79]. PMMA was used as contact lenses materials but was later replaced by
MMA/HEMA and VP/MMA hydrogels which are softer and have better oxygen
permeability and less protein adsorption[80]. PMMA has a glass transition temperature

of 108°C[81] and its biocompatibility has been well established[82]. MMA is more
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hydrophobic than VP as has been verified by their water contact angles (section
2.2.5.1). Thus it is usually copolymerized with other hydrophilic monomers such as
HEMA[83] and VP[84] to prepare materials with better water content and swelling
abilities. Its non-toxicity, biocompatibility, and relatively hydrophobic nature make

itself a useful component in preparing hydrogels tissue expanders.
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Figure 2.9 Chemical structure of PMMA

2.3.3 VP/MMA Hydrogels

The chemical structure of VP/MMA is shown in Figure 2.10. VP/MMA has been long
used as a contact lens material[85]. Wiese[10] first used VP/MMA as a tissue expander
and proved its biocompatibility. Since then it has been used as the major material as
self-inflating tissue expanders[86]. VP/MMA hydrogel can generate an in vitro swelling
pressure ofapproximately 235mmHg(31.3kPa)[10]. The swelling capacity of VP/MMA
ranged from 5 to 50 depending on the ionization degree of —CH3 groups to -COOH
groups[11] and also on the ion concentration in the swelling medium as discussed in
section 2.2.5.4. In clinical trials, VP/MMA prepared with a perforated silicone
membrane has been proved to have better controlled swelling than VP/MMA alone,
which results in more effective tissue growth and less incidence of complications and

mplant extrusions[87-89].
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Figure 2.10 Chemical structure of VP/MMA

2.34 PHEMA (polyhydroxyethyl methacrylate) Based Hydrogels

The chemical structure of PHEMA is shown in Figure 2.11. PHEMA hydrogels have
been long and widely used in the biomedical field such as soft contact lenses[90],
wound dressings[91], surgical prostheses[92]. However, the application of PHEMA
hydrogels is restricted because of its low water absorption[93], and its weak mechanical
strength[94]. The swelling capacity can be improved when copolymerized with a
hydrophilic polymer such as acrylic acid[93] or polyethylene glycol(PEG)[95]. As with
other copolymer hydrogels, the swelling ratio can be tuned with monomer ratios and
crosslinker content. Pure PHEMA hydrogels have been reported to reach equilibrium
swelling in approximately 100 hours[96]. With proper copolymerization, good swelling

capacity and controlled swelling of HEMA hydrogels could be achieved.
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Figure 2.11 Chemical structure of PHEMA
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2.3.5 Other potential biocompatible hydrogels

VP/MMA has been used as the primary self-inflating hydrogel tissue expander but
researchers are looking into other biocompatible hydrogels as well
Polyacrylamide(PAAm) hydrogels have been widely used in tissue engineering and
drug delivery because of its hydrophilicity and biocompatibility[97]. Acrylamide-based
hydrogels such as AAmM/C A(acrylamide/crotonic acid) and
AAm/TA(acrylamide/itaconic acid) have been prepared using y wrradiation and their
biocompatibility was shown[60]. These acrylamide-based hydrogels were proved to be
biocompatible and exhibit good swelling capacity in water (18 for AAm/CA and 16 for
AAm/IA) and 0.9% NaCl solution (14 for AAm/CA and 10 for AAm/IA) as well. But
the swelling reached equilibrium within 7 hours and their mechanical properties under
compression was not shown. Later AAm/CA and AAm/IA were implanted in a rat
model as tissue expanders[98]. Tissue necrosis or serious infection was not shown in
both cases, but AAm/IA hydrogels tended to break into pieces in vivo after 6 weeks.
AAM/IA hydrogels were able to swell and maintain their original shapes in vivo during
the 10 weeks of implantation.

Acrylamide(AAm), acrylic acid(AA) and N-isopropylacrylamide(NIPAAm) hydrogels
were prepared and implanted in a rat model[99]. The histology analysis showed serious
tissue damage caused by AA because of its over-rapid expansion rate at the initial stage
(Q reached around 18 in 4 days). AA and AAm hydrogels could not retain their original
shapes during expansion. NIPAAm expander showed promising results with the
maximum swelling ratio of 4-5 reached within 5 days. But the swelling ratio tended to
fluctuate and decrease after that. Serious shrink of NIPAAm was observed after 15 days
of implantation.

Poly sodium acrylate-PEC(pectin) hydrogels were prepared as orbital implants which
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exhibited good swelling in water and mechanical strength at the swollen state as
well[100]. The compressive modulus at the fully swollen state ranged between 40 -
64kPa depending on the composition of the hydrogels. The volume swelling ratio could
be as high as 4.5 in water but it decreased sharply(less than 0.5) in phosphate buffer
solution or physiological saline water because of the decrease in Na® concentration

difference. Thus it may not have enough swelling capacity as a tissue expander.

2.4 IPN (Inter-penetrating Polymer Network)

24.1 Definition

Interpenetrating polymer networks (IPNs) are composed of two or more polymer
networks that at least one is crosslinked in the presence of another. The component
networks are entangled and interlaced at a molecular level but not covalently bonded to
each other[101-103]. The interpenetrating on the molecular level is an ideal situation,
and actually only limited penetration could be achieved due to phase separation[104].
Sperling[105] compared the difference of various ways to mix two kinds of polymer
molecules in Figure 2.12. Polymer blend is formed by simple mixing as shown in
Figure 2.12a, while graft(Figure 2.12b) or block copolymers(Figure 2.12c) results
when the chains are covalently bonded with each other. A full IPN(Figure 2.12¢) 1s
formed when both polymer networks are crosslinked and at least one is crosslinked in
the presence of another. A semi-IPN(Figure 2.13f) is obtained when one network is
crosslinker and the other is linear and one is crosslinked in the presence of the other. In

Figure 2.12, polymer structures a-c are thermoplastic while d-f are thermoset.
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Figure 2.12 Various combinations of two polymers. a: polymer blend; b: a graft polymer; c: a block
copolymer; d: an AB-graft copolymer; e: a full IPN;f: a Semi IPN (reproduced from [105])

2.4.2 History and Types of IPN Hydrogels

The first IPN was a patent by Aylsworth in 1914[106], and it was not called IPN until in
1960 when Millar prepared polystyrene/polystyrene IPHs to be used as ion exchange
resin matrices[107]. Frisch[108] and Sperling and Friedman[109] have made the most
contributions to this field. They established that IPNs are two or more independently
crosslinked polymer networks held together by topological interactions and the
entanglements and interlacing are permanent because component networks cannot be
separated until fracture happens. The interpenetrating on the molecular level is an ideal
situation, and actually phase separation is quite common in the preparation of IPNs[ 110,
111]. For example, Sperling and Friedman[109] observed two separate glass transition
temperatures, one corresponding to the Tg of poly(ethyl acrylate) and the other
corresponding to the Ty of polystyrene. This indicated the presence of two polymer
phases.

According to the synthesis methods, IPNs can be defined as the following types[112]:

(1) Sequential IPN: Generally the first crosslinked network is swollen in a solution that
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dissolves the monomer ofthe second network, crosslinker and initiator. Then the second
network is crosslinked under appropriate conditions in the presence of the first
network[113].

(2) Simultaneous IPN: The monomers of both networks, and crosslinker and initiators
are mixed together. The crosslinking of both networks are performed at the same time
but neither would mterfere with the other[114].

(3) Latex IPN: Both networks are above their glass transition temperature in a latex
form. After crosslinking latex IPN always form a core and shell structure[115].

(4) Gradient IPN: Gradient IPNs are IPNs whose concentration or crosslinking degree
depends on the position[116].

(5) Thermoplastic IPN: A normal IPN is composed of chemically crosslinked networks.
But thermoplastic IPN is composed of physically crosslinked networks(through ionic
groups, crystallinity or glassy domains). As a result, it can flow at raised
temperatures[117].

(6) Semi-IPN: In semi-IPN, at least one network is not crosslinked and exists as a linear
polymer in the IPN system[118]. A corresponding full-IPN can be prepared by

selectively crosslinking the lmear monomers.

2.4.3 The Advantages of IPN Hydrogels

The wide applications of various hydrogels types may be limited by their weak
mechanical properties. For instance, PAAm hydrogels showed relatively low values of
elastic modulus despite their good swelling capacity and biocompatibility[119]. A
number of ways have been developed to enhance the strength of hydrogels including
using a hydrophobic crosslinker in the preparation[120], and chemical grafting[121].
But they all change the original chemical structure of the polymer network. Thus the

original properties of the hydrogels may be sacrificed, such as hydrophilicity, stimulus-
32



responsiveness, or oxygen permeability.

A new way to improve the mechanical property while maintaining the original
properties of each component is through interpenetrating polymer network(IPN). The
use of interpenetrating network has the advantages of combining properties from two
polymer networks since there is no chemical bonding between them and each can retain
its own properties while the overall performance of the IPN hydrogel can be tuned by
varying the proportions of each network[122].

IPN hydrogels have been widely investigated to show improved mechanical
properties[65, 123], improved biocompatibility[124], faster response to stimuli and
more controlled drug release[125]. The hydrophilicity /hydrophobicity and stimuli-
responsiveness of IPNs can be controlled by proper selection of the polymer
components and by varying their composition.

In terms of preparing desirable self-inflating tissue expanders, IPNs may provide a way
for delayed and controlled expansion by introducing a hydrophobic secondary network
into the existing primary network. The swelling rate as well as equilibrium swelling
ratio can be manipulated by selectively choosing the polymer components and changing

their compositions.

2.5 Widely Studied IPN hydrogels

Various natural and synthetic polymers can be used to prepare IPN systems. Natural
polymers such as cellulose, gelatine, chitosan are advantageous in their natural
abundant source, biocompatibility, biodegradability, and nontoxicity[24], while
polymers such as acrylamide, PVA, PAA, PLGA, PVP, HEMA are easy to be modified
or manipulated for the desirable properties[126].

IPN systems have been prepared with various combinations of natural and synthetic

polymers because of the uniqueness of preserving original individual properties and
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obtaining synergistic properties in an IPN system[127, 128]. The intriguing part of
preparing IPN hydrogels is to find better combinations of polymer networks that would
provide better properties without sacrificing the original ones. For example,
CA(cellulose acetate)/PVP IPN hydrogels showed a higher tensile strength and
elongation at break compared to PVP/PMMA IPN hydrogels at the same water
content[129]. CA/PVP IPN hydrogels also shows a higher water content(82%) than

PHEMA(39%) while having a similar tensile strength at the swollen state[129].

2.5.1 PNIPAAm basedIPN hydrogels

PNIPAAm is well known for its thermal responsiveness with a lower critical solution
temperature(LCST) at around 32°C[130]. Copolymerization with monomers such as
acrylic acid can provide an additional pH sensitivity[131], but the temperature
sensitivity may be compromised because of the incorporation of pH-sensitive
components[132]. Thus IPN may provide a way to maintain or even improve the
original properties of hydrogels. PVA/PNIPAAm semi-IPN hydrogels were prepared
and shown to have faster response to temperature changes compared to conventional
PNIPAAm hydrogels[133, 134]. The semi-IPN hydrogels could lose over 95% water
within 1 min while NIPAAm hydrogel only lost around 50% water in 2h above the
LCST. The incorporation of PVA also increased the swelling capacity because of an
increased hydrophilicity. Chitosan-PNIPAAm hydrogels were prepared[135] which
showed increased drug loading ability because of the interaction between the anionic
drug(diclofenac) and the amino groups of chitosan. They also showed a sustained drug
release over 8h because of the deswelling of PNIPAAm network at 37 °C. Both
properties were not observed in single crosslinked PNIPAAm network[136] or chitosan
network[135]. IPN hydrogels composed of a hydrophilic PNIPAAm and a hydrophobic

PMMA were prepared, which showed better mechanical properties without sacrificing
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the thermal sensitivity[ 113]. However, the swelling ratio was decreased from 17 to 11
when PMMA content was increased from 0 to 11.8%. Cellulose/PNIPAAm hydrogels
were prepared which showed enhanced compressive modulus(58kPa) than pure
cellulose hydrogel(48kPa) and PNIPAAm hydrogel(12kPa) at the swollen state[137].

However, PNIPAAmbased IPN hydrogels are not qualified as tissue expanders because
they are thermally responsive, which means they swell under their LCST(around 32 °C)
and collapse(not swelling) above that. Thus they are unable to swell when implanted in

human body where the normal body temperature is around 37°C.

2.5.2 PVP basedIPN Hydrogel

PVP is a non-ionic, highly hydrophilic polymer, which has been widely used in
medicine, pharmaceuticals, cosmetics, foods, and other fields due to its good solubility,
excellent miscibility with other polymers, non-toxicity, and biocompatibility[138]. PVP
is considered a suitable component for the preparation of IPN or semi-IPN hydrogels.
Semi-IPN hydrogels were prepared with crosslinked sodium alginate-g-poly(sodium
acrylate) network and PVP linear polymer chains. The semi-IPN showed excellent pH
sensitivity with a 7 folds increase in the swelling ratio when pH was changed from 2 to
6[139]. Incorporation of 15% PVP could improve the swelling ratio from 7.5 to around
10 but 20%PVP decreased Q to 8.5 due to an increase in chain entanglements.
PVP/PAA semi-IPN hydrogels were prepared with excellent pH sensibility from 2.25 to
4 at 37°C and improved swelling capacity compared to pure PVP hydrogel[140].
Chitosan/NVP IPN  hydrogels showed an EWC of 93% in 24h and
chitosan/(NVP/HEMA) IPN hydrogels showed that of 75% in 48h, exhibiting good
swelling capacity[141]. They also showed good biocompatibility with human

keratinocytes.

35



2.5.3 Chitosanbased IPN Hydrogels

Chitosan has been widely investigated in the biomedical field because of its bio-
adhesiveness, non-toxicity, biodegradability, and biocompatibility[142], making it a
suitable choice in the preparation of IPN hydrogel for biomedical applications. Chitosan
based IPN hydrogels have been extensively studied in oral drug delivery because they
have excellent drug loading ability and capability of absorbing body fluids to
swell[143]. Chitosan is biodegradable but the IPN structure can provide the insolubility
in body fluids[143]. Chitosan has been prepared with various polymers to form IPN
hydrogels with environmental responsiveness, such as pH sensitivity with poly-
acrylamide[144] and PVP[145], or thermal sensitivity like N-isopropylacrylamide[146].
Chitosan/PAA IPN hydrogels were prepared by UV irradiation and maintained a high
EWC in the range of 57.5% to 72.9%, compared to chitosan(59.5%) and
PAA(76%)[147]. The tensile strength of the swollen IPN hydrogels lied in the range of
0.5-1.5MPa while pure PAA hydrogels could not even support themselves. The
improved tensile strength was a result of polyelectrolyte complex formation between
amino groups in chitosan and carboxyl groups in PAA.

However, the chitosan hydrogel is fragile and thus is always crosslinked by
glutaraldehyde to increase its mechanical strength[148]. Glutaraldehyde is toxic and
may hinder its application as biomaterials. Also, chitosan depolymerizes under acidic

conditions, which may limit its use as drug delivery carriers[143].

2.5.4 IPNs with Biocompatible, Hydrophobic Polymers
In the 1960s, PGA(polyglycolide) was used to prepare completely biodegradable
sutures[149]. Since then, biodegradable polyesters such as PGA, PLA(polylactic acid),

PCL and poly(D,L-lactide-co-glycolide)(PLGA) have been widely used in the
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biomedical field[150].

PLA, PGA and PLGA have been extensively studied as scaffolds for cartilage tissue
engineering[151] and controlled drug delivery vehicles[152]. They are being pursued
not only because they are FDA approved biocompatible polymers, but also because one
can simply manipulate the swelling abilities[153], mechanical properties[154] or
degradation periods[151] by simply varying the ratio of lactide to glycolide, as shown
mn Table 2.3.

Table 2.3 Various properties of PLGA with different lactide to glycolide ratios (reproduced from[151])

Modulus  Elongation Cristallinity  Degradation Time

Polymer (GPa) (%) Salvent (%) {(Weeks) Applications HReference
Palvalvealide! Suture anchors, meniscus
A 7.0 15-20 Hexafluorospropanal 4555 612 repair, medical devices, [31-33]
Polyglactine R .
- drug delivery, orbital floor
Fracture fixation,
Poly{L-lactide) 27 Benzene, THF, dioxane EY) 12-18 mterference screws, suture [33-35]
anchors, meniscus repair
Poly(D,L-lactide) - 10 Methanal, DME Amorphous 1-15 Orthopacdic implants, [32,33,36]
drug delivery
Polv(D.1-lactide-co- Ethyl acetate, Interference screws, suture
S R 20 10 chloroform, acetone, Amorphous ) anchors, ACL [33,34,37,38]
glycolide) 85415 o .
N THF reconstruction
Polvin,L-lactide-co Ethyl acetate, Plates, mesh, screws, tack
- - s, mesh, screws, tack,
S - 20 =10 chloroform, acetone, Amorphous 4-5 . [32,33,36]
glycolide) 7525 I drug delivery
N DMF, THF b
Polvin,L-lactide-co Ethyl acetate, Orthopaedic implants.
L] - C
e 20 10 chloroform, acetone, Amorphous -2 PriedlE Imprants, [36,38)
glycolide ) S0/50 o drug delivery
- DMF, THF -
Poly (L-lactide- (39.40]

co-glyeolde) 10490

PCL is another FDA approved polyester with nontoxic degradation products[155] and
high potential as a biomaterial for tissue regeneration[156]. These hydrophobic,
biocompatible polymers are potential candidate components for preparing IPN
hydrogels because they can bring hydrophobicity to a hydrophilic network and then
tune the swelling rate and equilibrium swelling ratio by varying their weight fractions.
Thus a hydrogel tissue expander with controlled expansion could be obtained.

Semi-IPN hydrogels composed of PEG methacrylate and PLGA were prepared and
showed a more controlled release of t-PA(tissue-type plasminogen activator)[157]. The
released amount for 40%PLGA in the semi-IPN hydrogel was 25ug after 1 days while

for 0% PLGA hydrogel the released amount was 55ug. Semi-IPN hydrogels composed
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of crosslinked poly(3-hydroxyundecenoate)(PHU) and PLGA showed an increased
tensile strength with increased PLGA content[158]. Semi-IPN with 10wt% and
20%PLGA showed a tensile strength of 0.66MPa and 1.14MPa, respectively, while
PHU only showed 0.46kPa. Degradation was accelerated with the incorporation of
PLGA because of the acidic degradation products of PLGA.

PEGDA/PLA semi-IPN hydrogels showed controlled protein drug release by varying
PEG/PLA ratio[159]. Drug release decreased around 30% after 1 day with the
incorporation of 50% PLA. However, the swelling ratio was also decreased from 4.4 to
2.6 when PLA content was increased from 0% to 50%.

PVA/PCL semi-IPN porous scaffolds showed doubled compressive modulus with the
incorporation of 30%PCL, compared to PVA control sample[160]. However, the
swelling ratio was decreased from around 14 for PVA to 4 for 30%PLA and 2 for

70%PLA.

2.5.5 Other IPN Hydrogels

PAAM/MC(methylcellulose) semi-IPN hydrogels were prepared with controlled
hydrophilicity by varying PAAm and MA compositions[161]. Semi-IPN with 3.6%
PAAm showed rapid expansion of around 68 within 10 hours, while increased PAAm
content decreased the swelling rate, the equilibrium swelling ratio and extended the

swelling period, as shown in Figure 2.13.
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Figure 2.13 Water uptake as a function of time for PAAM/MC semi-IPN hydrogels in distilled water at 25°C
with different AAm compositions(reproduced from [161]).

PAA/CMC(carboxymethyl cellulose) semi-IPN hydrogels were prepared with a range
of swelling ratio of 5 to 18 depending on the monomer ratios[162]. The swelling ratio
first increased with either PAA or CMC content. However, when CMC content
exceeded 1.5g or AA content exceeded 14.5mM in the preparation solution, the
swelling ratio decreased with further increase in either content. This was explained by
the increased entanglements and polymer density at over-high AA or CMC content,
leading to a decreased mesh size of the hydrogel network.

IPN hydrogels composed of a hydrophobic poly(methyl methacrylate)(PMMA) or
poly(ethyl acrylate)(PEA) as the first network and a hydrophilic poly(2-hydroxyethyl
acrylate)(PHEA) as the second network were prepared and the swelling behaviour and
tensile modulus were found to be dependent on the glass transition temperature of the
first network[163]. PMMA (Tg of 110°C) was glassy while PEA(Tg of -10°C) was in a
rubbery state at the experimental temperature. Pure PHEA showed a swelling ratio of
1.6 and a tensile modulus of 25.12MPa. PMMA/PHEA IPN showed a decreased
swelling ratio in the range of 0.08 to 0.8 and modulus of 0.25GPa to 2.5GPa when
PMMA weight fraction was increased from0.13 to 0.64. However, PEA/PHEA showed
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no obvious changes with increased PEA weight fraction. It was concluded that the
restriction of the first hydrophobic network on the water absorption of the second

hydrophilic network depends on the state (glassy or rubbery) of the first network.

2.6 Natural Skin Tissue

The swelling behaviour of hydrogels can be affected by the local ions and pH value of
the swelling medium as has been discussed in section 2.2.9. Thus it is important to find
out the actual swelling behaviour of hydrogel tissue expanders in vivo in an animal test.
Besides, it is essential to find out whether the hydrogel can effectively generate tissue
growth and whether the expanded tissue has the same quality as natural skin tissue.

The natural skin tissue has three main layers: epidermis, dermis and hypodermis
(subcutaneous layer). Epidermis is composed of a keratinized stratified squamous
epithelium. Dermis is a tough supporting and nourishing layer of fibroelastic and dense
connective tissue. The dermis layer is composed of the papillary layer with fine fibres
and the reticular layer with densely packed coarse fibres[164]. It also accommodates
blood vessels, hair follicles, sweat glands and other structures. Hypodermis, the
subcutaneous layer, is a looser connective tissue than the dermis and contains variable
amounts of adipose tissue. The structure of the skin is shown in Figure 2.14. The
properties of human skin tissue vary with age, for example, the Young’s modulus has
been tested to be 0.42MPa for the young and 0.85MPa for the old and also shown an

mncrease with age[165].
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Figure 2.14 Schematic of the structure of natural skin tissue[166]

The histology of the expanded skin tissue will be analysed to see whether the expanded
tissue has the same quality with the natural skin tissue. A typical histological section of
normal human skin is shown in Figure 2.15. It shows a natural skin tissue with collagen
fibres and sparse fibroblasts in the dermis layer. Collagen fibres are randomly oriented
at the relaxed state, which is described as wavy[164]. Collagen fibres provides
resistance to the stretch and tension from different directions[167]. Fibroblasts are
capable of synthesizing responsible collagens, elastic and reticular fibres and the

necessary components of the extracellular matrix.

stratified squamous
epithelial tissue type

TSR &\ cornified layer

/ (flattend, fused cell remnants) ;
™ y

Figure 2.15 A typical histological section of normal human skin[168]
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Controlled expansion will result in tissue growth with the histology similar to the
natural skin tissue as shown in Figure 2.16, while over-rapid expansion will cause tissue
necrosis. The histology of sheep skin tissue expanded by an uncoated VP/MMA
hydrogel is shown in Figure 2.16. Skin ulceration is observed and the epithelial cells
show pyknotic nuclei which indicates cell death. The dermis layer is filled with
inflammatory cells with a number much larger than in the natural skin tissue. Skin
ulceration and serious infection is also shown in AAc hydrogels implanted in a rat

model[99].

Figure 2.16 Histology of skin expanded by uncoated VP/MMA tissue expander

Thus it is important to show that the expanded tissue by a hydrogel has the same quality

with natural skin tissue under histology analysis.
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2.7 Summary

Hydrogels are physically or chemically crosslinked polymer networks that are able to
imbibe and maintain a large amount of water. Wide ranges of hydrogels have been
examined as potential candidates for replacement of soft tissue, drug delivery and
release, tissue engineering scaffolds and other biomedical applications. The swelling
behaviour of a hydrogel depends on its hydrophilicity/hydrophobicity(monomer ratios),
the crosslinker content, the irradiation intensity and the ions and pH of the swelling
medium. The higher content of the hydrophobic component results in less available
binding sites for water molecules. The increase in crosslinker content or irradiation
intensity generally decreases the mesh size of a hydrogel, resulting in less free volume
for water molecules. A decrease in the ion concentration difference between the
hydrogel network and the swelling medium causes a decrease in the osmotic pressure.
In each case, a slower swelling rate and equilibrium swelling ratio will be obtained.
Their major disadvantage, ie. their relatively low mechanical strength, can be
overcome either by crosslinking, by formation of interpenetrating polymer networks
(IPNs), or by crystallization. Among many of these attempts to improve wet strength,
the IPN structure has been noted by many researchers because of its uniqueness of
preserving the original properties of individual components. But as with other
hydrogels, the increase in the mechanical properties of IPN hydrogels always comes at
the expense of swelling capacity because the incorporation of a second polymer
network increases the apparent overall cross-linking density [65, 123, 147, 169].

To be used as a desirable tissue expander, hydrogels should possess both the swelling
capacity and the mechanical integrity at the swollen state. However, this remains a
dilemma in the development of all kinds of hydrogels because of the plasticizing effect

of water molecules.
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Several examples of IPN hydrogels with controlled expansion have been illustrated
[157, 159-161, 163], which are achieved by controlling the monomer ratios of a
hydrophilic network and a hydrophobic one. Thus it is possible to design a IPN
hydrogel tissue expander by introducing a hydrophobic, biodegradable polymer
network(such as PLGA, PLA, PCL) penetrating into a pre-existing hydrophilic primary
network (such as VP/MMA, HEMA, PAA based hydrogels). The hydrophobic secondary
network will prevent the primary network(VP/MMA) from swelling too fast and thus
avoid tissue necrosis. The equilibrium swelling ratio can be controlled by varying the
weight fractions of the secondary polymer network. The molecular level inter-
penetrating of the IPN structure will provide an inherent controlled swelling and saves
the trouble of preparing a membrane or coating. Thus IPN tissue expander may be the
solution of preparing self-inflating hydrogels with the ability to be crafted. And this
study will focus on the preparation of IPN hydrogel tissue expanders with a proper
selection of various primary networks and secondary networks. The primary goal is to
prepare a desirable tissue expander with controlled expansion and the ability to be
crafted by surgeons.

Animal tests need to be done to see the actual performance of the IPN hydrogel tissue
expanders in vivo. The histology of natural human skin tissue has been shown in
Section 2.6 and it is desirable that the expanded tissue has the same quality as the

natural skin tissue.
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Chapter 3: VP/MMA-PLGA IPN
Hydrogel Preparation and

Characterization
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3 VP/MMA-PLGA IPN Hydrogel
Preparation and Characterization

3.1 Introduction

The major limitation concerning self-inflating tissue expanders is their over-rapid
expansion rate which will lead to tissue necrosis instead of tissue growth[13]. VP/MMA
hydrogel is the primary osmotic tissue expander right now because of its
biocompatibility, good swelling capacity and mechanical integrity during expansion.
However, the expansion of VP/MMA reaches the equilibrium state within 2 days and
uncoated VP/MMA has been shown to cause tissue necrosis in vivo[170]. A schematic

of the swelling ratio of VP/MMA as a function of time is shown in Figure 3.1.

Swelling Ratio

12hrs - 2Days Time
(depending on size)

Figure 3.1 Schematic of the swelling ratio of VP/MMA as a function of time

In a desirable situation, the expansion should not initiate until a few days later, leaving
enough time for the incision to heal. Moreover, the total expansion period should be in
the range of 1 to 2 months, with adequate stretching for the generation of new skin
cells. A schematic of the swelling ratio of a desirable tissue expander as a function of
time is shown in Figure 3.2. It should be noted that only a large piece of tissue growth
needs months to complete without causing tissue necrosis. For small tissue expansion,

only days are needed as long as it does not cause tissue necrosis.
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Figure 3.2 Schematic of the swelling ratio of a desirable tissue expander as a function of time

Coatings or semi-permeable silicone membranes have been applied on VP/MMA
hydrogels to slow down the swelling rate[13, 170]. However, in clinical surgeries, a
desirable tissue expander should be able to be crafted by surgeons to best fit into the
void space on the patients. Unfortunately, coatings or membranes will be damaged upon
cutting, which will result in a local burst of expansion leading to tissue necrosis.

Several examples of IPN hydrogels with controlled expansion have been shown in the
literature review [157, 159-161, 163], thus it is worth looking into the preparation of
IPN hydrogels as tissue expanders. IPN structure provides entanglements on a
molecular level[101], endowing the hydrogel with an inherent controlled expansion and
the ability to be crafted as well.

This chapter describes the preparation and characterization of VP/MMA-PLGA IPN
hydrogel (will be abbreviated as PLGA IPN hereafter) tissue expanders composed of
VP/MMA as the primary network and PLGA as the secondary network. PLGA IPN with
varied PLGA or BIS(N, N’-methylenebisacrylamide, crosslinker) weight fractions will
be prepared and their swelling behaviours, thermal and mechanical properties, and the
mternal structures revealed by SEM and SANS will be demonstrated.

Numerous studies have shown that by increasing the hydrophobicity or the crosslinker

content, the corresponding EWC of a hydrogel would decrease, as shown in Section
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2.2.5.1 and 2.2.5.2. But few studies have compared the effects of those two variables. In
this study, PLGA IPN was prepared with varied PLGA weight fraction as well as varied
crosslinker content to see which one is more important in controlling the swelling
behaviour.
The objective of this chapter is to see:
1. What is the swelling behaviour and mechanical properties (swollen state) of
PLGA IPN compared to VP/MMA? And what is the reason for the differences?
2. How does the incorporation of a secondary PLGA network change the internal
structure of VP/MMA network?
3. How does BIS content affect the swelling behaviour of PLGA IPN?
4. PLGA weight fraction and BIS content, which one is more important affecting
the swelling behaviour of PLGA IPN?

5. Can we achieve controlled swelling of PLGA IPN?

3.2 Experimental

3.2.1 Materials

VP/MMA xerogels(VP : MMA weight ratio 9:1) crosslinked with alkyl methacrylate
(0.2wt%) as the crosslinker and azobisisobutyronitrile(AIBN)(0.2wt%) as the initiator
were purchased from Polymeric Science Ltd (New Ash Green, UK). PLGA (50:50
lactic: glycolic acid) was purchased from Evonik Corporation(Birmingham
Laboratories, US). The glass transition temperature, the weight average molecular
weight (Myw) and polydispersity index (PDI) of PLGA is 30.5°C, 20kDa, and 2.0,
respectively(according to Evonik Corporation). Acryloyl chloride, triethylamine,
anhydrous ethyl acetate, n-hexane, and dichloromethane (DCM), BIS, deuterated water

(D20) and deuterated chloroform(CDCl3) were purchased from Sigma-Aldrich (UK).
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3.2.2 PLGA acrylation

PLGA needs to be acrylated first in order to be crosslinked in the presence of VP/MMA
to form a full-IPN hydrogel 8g PLGA was dissolved in a mixture of 120ml ethyl
acetate and SmM triethylamine in a round-bottom flask in an ice bath. 5SmM acryloyl
chloride was added dropwise under nitrogen and the mixture was left to react under
70°C for 3 hours and then left to cool under room temperature. The solution was
filtrated 3 times to remove the residue triethylamine hydrochloride. N-hexane was then
added to the filtrate to precipitate the functionalized PLGA. The precipitated PLGA was
dried under vacuum under 40°C for 3 days. Figure 3.3 shows the schematic of the

modification process of PLGA.
O
H
HG{J\(GHN/\GJQ
o

Triethylamine
Acryloyl chloride
in ethyl acetate

A

Figure 3.3 Schematic of the modification process of PLGA

3.2.3 Preparationof PLGA IPN

The acrylate end-capped PLGA was dissolved in DCM at three different concentrations,
0.025g/ml, 0.05g/ml, and 0.1g/ml. IPN with different PLGA weight fractions were
denoted as vmplga0.025, vmplga0.05, vmplga0.1, respectively. VP/MMA discs with
7mm in diameter and 2.5mm in height were immersed in the solution, which was
shaken in a water bath at 37°C for 3 days until VP/MMA reached the maximum swollen

state. 0.2wt%(based on mass of PLGA) of the crosslinker BIS and 0.2wt%(based on
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mass of PLGA) of the initiator AIBN was added and the solution was kept in the water
bath at 37°C for another 2 days to induce the crosslinking of PLGA penetrating through
the hydrogel base. Samples were then taken out, air dried under room temperature for 5
days and then dried under vacuum at 50°C for another 5 days to remove any residual

solvent. Figure 3.4 shows the schematic of the PLGA IPN preparation process.

% acrylated PLGA VP/MMA network PLGA network
[ — 1 VP/MMA xerogel +
AT
SRS é_
- R
s P
- ",
) ’I'r?,r

PLGA dissolve . %-‘ VP/MMA-PLGA
in dichloromethane = IPN hydrogel
air dry plus
‘ Crosslinker: BIS | || Initiator: AIBN || vacuum dry
) |37 0C, water bath | =y 37 °C, water bath | "

Figure 3.4 Schematic of the preparation of VP/MMA-PLGA IPN hydrogel
PLGA weight fraction in the dry PLGA IPN is calculated using equation(3.1), where

m m,,, is mass of dry PLGA IPN and mass of VP/MMA xerogel disc used

vmplga
during preparation, respectively:

PLGA weight fraction = L’:nM X 100% (3.1)
vmplga

According to experimental experiences, vmplga0.025, vmplga0.05, vmplga0.1 samples
correspond to PLGA weight fractions of 20-30%, 40-50% and 60-70% in dry PLGA
IPN, respectively.

43.9% and 62.8%PLGA IPN with 0.2wt%(based on PLGA monomer) and 2wt%
crosslinker (BIS) were also prepared to find out the influence of crosslinker content on

the swelling behaviour of the IPN hydrogels.
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3.2.4 Nuclear Magnetic Resonance (NMR)

The presence of acrylation of PLGA was examined by Nuclear Magnetic Resonance 'H
NMR (I-dimensional proton magnetic resonance). NMR identifies the functional
groups or unique structure of a compound. Different functional groups have different
resonance frequencies due to the difference in the magnetic environment experienced
by the nuclei[171]. And compared to FTIR (infrared spectroscopy), NMR has a higher
resolution. VP/MMA or VP/MMA-PLGA IPN hydrogels cannot be analysed by NMR
because they won’t be dissolved in any solvents and solids requires an additional
machine but provides only very broad bands with no resolved structure[171].

10mg/ml solution of original PLGA as well as the functionalized PLGA with acrylate
end groups in deuterated chloroform(CDCl3) were tested under a Varian Mercury-
300'H NMR at room temperature. The acrylate end groups have a unique resonance
frequency. The absence and presence of the resonant signals from acrylate groups
before and after the functionalization process should be able to verify the successful

acrylation of PLGA.

3.2.5 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is a widely used technique to detect the glass
transition temperature (Tg) ofa polymer. Figure 3.5 shows the schematic of how a DSC
machine works. There are two pans, one contains the polymer and the other is empty as
the reference pan. Each pan is set on top of a heater and the heating rate is the same for
both pans. The difference in the heat output of the two heaters against temperature will
be measured by the computer, which shows the heat absorbed by the polymer. Glass
transition refers to the reversible transition of a polymer from a hard and brittle state to
a rubbery state, which can be detected by monitoring the heat flow during the heating

process. An increase in the heat flow (or heat capacity) of the polymer indicates its glass
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transition process which usually covers a temperature range.
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Figure 3.5 Schematic of DSC(reproduced from [172])
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computer to monitor temperature
and regulate heat flow

Tg of original PLGA, acrylated PLGA and PLGA IPN (dry state) were determined by
differential scanning calorimetry (Pyris Diamond Hyper DSC) with a heating rate of
100°C /min over a temperature range of -100 to 200°C. Samples weighing within 5-
10mg were analysed in aluminium pans, using an empty pan as the reference. The purge
gas was helium at a flow rate of 50ml/min. A combination of heating, cooling and
heating a second cycle was used in the measurements to improve the resolution.

The measurement of Tg can show phase separation in IPN hydrogels, indicating the
existence of two individual polymer networks[109]. Moreover, T, of PLGA will be
compared with Tg of PLA and PCL (to be discussed in Chapter 4) to see if Ty of the
secondary polymer network has any effect on the swelling behaviour of the IPN
hydrogels.

Tg 1s extracted by the computer using the method shown in Figure 3.6 and the relative
values will be shown on the specific DSC graphs. The black dashed lines are the
extrapolated lines or tangent lines of the linear(almost) sections of the curve before,
during and after the glass transition. The intersections are marked as onset point and end

point. The difference in heat capacity AC, can be calculated using the equation below
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and Ty is the temperature corresponding to the half-height of the heat capacity increase.

_ HeatFlow,,; — HeatFlow,,

= =
= P heating rate X sample weight
I
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- AC,
Temperature
Tg( at half AC,) ]

Figure 3.6 Schematic of Tg extracted from the DSC curve
3.2.6 Compression Test
Compression tests were performed on swollen samples using a Perkins Elmer DMA 7e
dynamic mechanical analyser. Due to the deficiency of the DM A machine, it is only
able to record the stress and strain at a set compression force rate and a maximum force.
PLGA IPN and VP/MMA swollen discs were placed in the centre of the plate and
compressed under a rate of 100mN/min and a maximum load of 6000mN, as shown in
Figure 3.7. Compressive modulus E is calculated as the gradient of the curve in the
strain range of 12%-14%. This range of strain is chosen because of these
considerations:
1. The machine calculated the strain by measuring the change in the sample height.
However, the sample surface is not totally flat and the machine will record from its
highest pomt. Thus the mitial region of the curve may not be reliable.

2. This range seems linear indicating elastic deformation.
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Figure 3.7 Dynamic Mechanical Analysis
It is important for tissue expanders to maintain their mechanical integrity during

expansion, especially when implanted under the subcutaneous layer of human skin. The
compressive modulus E is also useful for the calculation of hydrogel structure

parameters (such as effective crosslinking density, Flory-Huggins interaction parameter)

which will be used to help explain the swelling behaviour of PLGA IPN.

3.2.7 Small Angle Neutron Scattering (SANS)

SANS is a neutron scattering technique that investigates the internal structure of a
material on the nanometre to micrometre scale. SANS has been widely used in
analysing the inhomogeneity in polymer solutions and hydrogels and also providing
information about the shape, size and interactions of the scattering bodies[173]. Thus it
is useful to apply SANS on PLGA IPN to see how the incorporation of PLGA network
affects the VP/MMA network. SANS also provides a way to see if the polymer system
is purely phase separated or not by fitting with the corresponding model.

Incident neutrons interact with a sample and a neutron detector measures the scattered

neutron itensities, as shown i Figure 3.8.
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Figure 3.8 Schematic of SANS (reproduced from[173])
The scattering vector Q is defined in equation(3.2), where 0 is the scattered angle and A

is the incident neutron wavelength:

4 sing
Q== (3.2)

SANS signal is composed of a constant incoherent scattering(background) and a Q
dependent coherent scattering, while only the latter contains useful information about

. . dX
the polymer structure. The coherent scattering cross section dQQ

(cm!) is described in

equation(3.3), where @ is the volume fraction, Ap? is the contrast, P(Q) is the form
factor related to size and shape of the scattering bodies and S(Q) is the structure factor
showing mterparticle correlation[173].

22 = 04p?V, P(Q)S(Q) (3.3)
The contrast Ap? is the square of scattering length density(SLD) difference between
polymer and solvent. SANS signal exists only when there is contrast.
VP/MMA and PLGA IPN with varied PLGA weight fractions were immersed in
deuterated water until equilibrium state. Samples were swollen to the equilibrium state
and cut into slices around 1mm thick and held in a sealed aluminium foil envelope to

prevent dehydration. SANS was carried out on the Sans2d small-angle diffractometer at

the ISIS Pulsed Neutron Source(STFC Rutherford Appleton Laboratory, Didcot, UK). A
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collimation length of 4m and incident wavelength range of1.75 — 16.5A was employed.
Data were measured simultaneously on two 1 m? detectors to give a Q range of 0.004 —
1.00A"!, which means a length scale(2n/Q) between 6-1570A is probed. The small-
angle detector was positioned 4m from the sample and offset vertically 60 mm and
sideways 100 mm. The wide-angle detector was position 2.4m from the sample, offset
sideways by 980 mm and rotated to face the sample. The beam diameter was 8 mm.
Each raw scattering data set was corrected for the detector efficiencies, sample
transmission and background scattering and converted to scattering cross-section data
using Mantid software. These data were placed on an absolute scale (cm™') using the
scattering from a standard sample(a solid blend of hydrogenous and per-deuterated
polystyrene).

SANS data is interpreted using various models composing of various form factors and
structure factors[174]. SANS data is always combined with data from other techniques
suich as SEM to help choose the appropriate model to evaluate the structural

mmformation. Here several models related to this work are illustrated. The scattered

d
mtensity 1(Q) actually means the differential cross section % in those models[174].

1. DAB Model (Debye- Anderson-Brumberger Model)
The DAB Model[175] describes 1(Q) as a function of Q in equation(3.4), where ¢ is the
correlation length and A, B are constants. DAB is used to characterize a system totally

phase separated. ¢ measures the average distance between regions of phase 1 and phase

2.

4
(1+Q%&%H?2

1(Q) = +B (3.4)

2. Lorentzian Model

The Lorentzian Model[174] is described in equation(3.5), where C, B are constants, m
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is the Porod exponent. For polymer chains in a good solvent, m=5/3, and for chains in
theta solvent m=2. Deviation from this model plot at the low Q range(Q <0.01A™)

shows non-homogeneity in the scattering sample[174].

(o
1+(QH™

1(Q) = +B (3.5)

3. Correlength Model
The Lorentzian Model may not be adequate to describe a SANS data, especially when
there is inhomogeneity at the low Q range[176]. Thus the Correlength Model is
proposed[176] in equation(3.6), where % describes the Porod scattering from

Cc
1+(Q&)H™

clusters(aggregates), and describes polymer/solvent interactions, ie.

thermodynamics, A, C, B are constants, n and m are fitting exponents:

Cc
1+(QH™

1(Q) = %+ +B (3.6)

Exponent m is related to the excluded volume parameter[29]. m=5/3 shows a self-
avoiding walk corresponding to swollen chains, while m=2 shows pure random walk in
theta conditions and m=3 shows self-attracting walk corresponding to collapsed (not
swelling) chains[176].
4. GaussLorentz Model

The GaussLorentz Model[177] is constructed for a typical single-network gel structure
and composed of a first term(Gauss term) describing the static correlations and the
second term(Lorentzian term) describing the dynamic correlations, as shown in
equation(3.7). E and & are static and dynamic correlation length, respectively. =
characterizes the average distance between static heterogeneities and & characterizes the
correlation length of fluctuating polymer chains. Ig(0) and IL(0) are the linear

coeflicients of each term.
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2

1Q) = s (0)exp (- L) + 42 (3.7)

5. GelFit Model
The above GaussLorentz Model has a limiting Q dependence of -2 in the Lorentzian
term. The GelFit Model[178] is a more generalized implementation of the
GaussLorentz Model and is described in equation(3.8), where D is the fractal dimension
of the system. The GelFit Model equals the GaussLorentz Model when D=2(theta

conditions).

2 D+1

1(Q) =1,(0)exp (_ Q25‘2) + (1+[(_1L(:252)DD/2 (3.8)

It should be noted that exponent m in the Correlength Model has the same meaning as
the fractal dimension D shown in the GelFit Model. The fractal dimension D shows the

behaviour of the polymer chains in the solvent and is well illustrated i Figure 3.9:
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Figure 3.9 Fractal Dimensions(reproduced from[174])

SANS data of PLGA IPN were analysed using software Sasview with the above
mentioned models. Data was fitted in the Q range of 0.004~0.7A"! to avoid the
statistically noisy data at the very extremes of the datasets. For each fitting, Sasview
will give a Chi2/Npts value showing the goodness of the fit. Chi2/Npts is calculated
using a least squared fitting algorithm. The smaller the Chi2/Npts value, the better the

fitting.
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3.2.8 Scanning electron microscope (SEM)

SEM is widely used to detect the surface morphology of a sample. SEM measurements
of VP/MMA and PLGA IPN will show how the incorporation of PLGA changes the
microstructure of VP/MMA and also provide information about how the IPN is formed.
VP/MMA and PLGA IPNs were studied using field emission scanning electron
microscope(Zeiss Nvision 40). Freeze-dried samples were cut in cross section, mounted
on a double sided tape on aluminium spin stubs and sputter coated with gold using E
5400 Sputter Coater(Bio-Rad, Polaron Division). SEM images were recorded under the

accelerating voltage of 2kV and 0.2k-6k magnification.

3.2.9 Swelling Behaviour in distilled water
The swelling behaviour tests of VP/MMA and PLGA IPNs were performed in distilled
water at 37°C. Disc shape samples were taken out at specified time intervals and the
excess surface water was removed by filter paper. The gels were measured in the
diameter and height with a caliper(Absolute Digimatic Calier, Mitutoyo, Japan) and
weighed by an electronic balance (ABS analytical balance, Kern Scale Tehnic, UK)
until a constant volume and mass was reached. Samples were tested in triplicate and the
average value was calculated. Distilled water was replaced daily.
For tissue expanders, volume swelling ratio is focused rather than mass swelling ratio as
volume expansion rate and ratio are much more important. Volume swelling ratio Qv is
described in equation(3.9), where Vi and Vo stand for sample volume at time t, and
before the immersion, respectively:

V,—V,

0

Qv is plotted as a function of time. Initial swelling rate Ri is one of the important
properties of tissue expanders because over-rapid initial swelling rate will lead to

wound dehiscence and tissue necrosis. The initial volume swelling rate Ri(%/h) is
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calculated as the slope of the initial linear region of the curve and swelling period Te(h)
is read from the curve as the time taken to reach the equilibrium state.
Equilibrium volume swelling ratio Q,, is defined in equation(3.10), where V_, is the

sample volume at the equilibrium state:

Q. = V°°V—‘V X 100% (3.10)

0

The equilibrium water content (EWC) is expressed in equation(3.11), where M, and

M, are the mass of hydrogel before the immersion and at equilibrium, respectively:

Moo —M,,

EWC =

3.11)

oo}

Qv is plotted as a function of time to show the overall expansion process. @, is plotted
as a function of PLGA weight fraction to see if the equilibrium swelling ratio can be
controlled by controlling PLGA weight fraction.

Polymer volume fraction ¢ (at equilibrium state) is defined using equation(3.12):

@, = VV—O X 100% (3.12)

[Se]

Density of the hydrogel (at equilibrium state) is defined using equation(3.13):

Moo

Voo

p= (3.13)
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3.3 Results

3.3.1 Nuclear Magnetic Resonance
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Figure 3.10 'H-NMR spectrum of (a) functionalized PLGA (b) and original PLGA
The 'H-NMR spectrum of the functionalized PLGA (a) and original PLGA(b) are
shown in Figure 3.10. Figure 3.10(a) and Figure 3.10(b) share several peaks from the
main structure of PLGA. The peaks around 1.6 ppm correspond to the methyl groups (-
CH3), while the peaks around 5.1-5.3ppm correspond to the methine groups(-CH) in the
lactide repeat units[179]. The peaks observed around 4.9ppm belong to the methylene
groups (-CHz) of the glycolide units[179]. The presence of the peaks at around
5.93ppm, 6.19ppm and 6.5ppm owing to the vinyl end groups[180] in Figure 3.10(a)
demonstrates the existence of acrylate end groups in functionalized PLGA, which are
not observed in original PLGA. The successful acrylate end-capping enables PLGA to
be crosslinked into a biodegradable polymer network in the presence of a primary

VP/MMA hydrogel network, forming a full-IPN hydrogel.

3.3.2 Differential Scanning Calorimetry
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The glass transition temperature of the original PLGA is 37 °C according to the data
information provided by the manufacturer. T of the original PLGA was tested and its
DSC spectrum is shown in Figure 3.11. No obvious peak but a broad endothermic peak
was observed and the extracted Tgis 22.7 °C.

DSC spectrum of the acrylated PLGA is shown in Figure 3.12. Again a very broad
endothermic peak is observed and the extracted Tg is 21.2°C. This shows that there is
no significant difference in the glass transition temperature before and after the

acrylation of PLGA.
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Figure 3.11 DSC spectrum of original PLGA
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Figure 3.12 DSC spectrum of acrylated PLGA
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Heat FlowEndo Up (mW)

The glass transition of PLGA IPN(dry state) is shown in Figure 3.13. The red line
stands for the first heat cycle and the black one stands for the second one. No obvious
endothermic peak was observed in both cycles. There is evidence of sample instability
at temperatures higher than 130°C, which is again observed in the second cycle. The
only detectable Ty is extracted from the very broad region around 20°C. Ty obtained in
the first cycle is 16.88°C while Tg obtained from the second cycle is 16.95°C. This Ty is
believed to be owing to the glass transition of PLGA. The glass transition of VP/MMA
is not observed in both cycles. The meaning of the values shown in Figure 3.13 has

been illustrated i Section 3.2.5.
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Figure 3.13 DSC spectrum of PLGA IPN (dry state).
3.3.3 Compression Test
Figure 3.14 shows the typical stress (Pa)-strain (%) curves for VP/MMA and PLGA
IPN with varied PLGA weight fractions(calculated using equation(3.1)). The
compressive modulus E was calculated as the slope of the curves in the strain range of
12%-14%. All the samples showed elastic deformations up to 50% of strain and no
fractures were observed. During the compression, there must be some loss of water of
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the hydrogel although it is not visible. Thus the compressive modulus calculated might

be higher than the actual modulus as loss of water contributes to the stiffness of the

hydrogel.
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Figure 3.14 The stress-strain curves of PLGA IPNs and VP/MMA (swollen state)

The compression modulus E is summarized in Table 3.1:

Table 3.1 The compressive modulus of VP/MMA and PLGA IPNs

PLGA weight fraction (%) E( 10° Pa)
0 0.32
25.1 0.88
43.9 1.44
62.8 2.28

Figure 3.15 plots E as a function of PLGA weight fraction, which shows a linear

relationship.
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Figure 3.15 Compressive modulus E as a function of PLGA weight fraction
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3.3.4 Small-angle Neutron Scattering
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Figure 3.16 SANS spectra of VP/MMA and PLGA IPNs(swollen state), VP/MMA(green), 28%PLGA IPN(blue),
46%PLGA IPN (red), 63%PLGA IPN (yellow).

Figure 3.16 shows the scattering intensity 1(Q) as a function of scattering vector Q of
VP/MMA and PLGA IPN with varied PLGA weight fractions. No scattering peaks were
observed. There is not much difference between the SANS spectra of PLGA IPN with
different PLGA weight fractions. Compared with VP/MMA, PLGA IPNs show a higher
scattering intensity (more often described as excess scattering) at the low Q range,
especially when Q<0.01 A-!. No significant difference is observed for all the samples

when scattering vector Q>0.1 Al

3.3.5 Scanning Electron Microscope

Figure 3.17 shows SEM images of the swollen VP/MMA hydrogels at the equilibrium
state. VP/MMA shows a porous network structure with smooth surfaces. There are
some areas where the polymer is more concentrated, as shown in Figure 3.17(a). A

range of pore sizes was observed, for example, small pores (pore size < 2um) as shown
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in Figure 3.17(c), medium size pores (pore size ~ 10um) as shown in Figure 3.17(d) and

large pores (pore size >40pm) as shown in Figure 3.17(e).

l(Em

(e)

Figure 3.17 SEM images of VP/MMA

Figure 3.18 shows the SEM images 0of25.1%PLGA IPN at the equilibrium state, which
shows a porous network. Collapsed cells can also be observed as shown in Figure
Figure 3.18(c). This could be a result of freeze-drying which may fail to preserve the

original structure of the hydrogel at some places. 25.1%PLGA IPN has rougher surfaces
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and thicker pore walls(Figure 3.18(a)) compared to VP/MMA (Figure 3.17(b)). Overall,
the pore sizes 0f 25.1%PLGA IPN and VP/MMA are comparable but 25.1%PLGA IPN

shows a more compact structure than VP/MMA.

Figure 3.18 SFM images of 25.1%PIGA IPN
Figure 3.19 shows the SEM image of 43.9%PLGA IPN and 62.8%PLGA IPN. No

porous structure was detected. Figure 3.19(a) shows collapsed balloons for 43.9%PLGA
IPN and Figure 3.19(b) shows a compact structure with large aggregates and rough

surfaces for 62.8%PLGA IPN.
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(a) 43.9% PLGA IPN (b) 62.8% PLGA IPN

Figure 3.19 SEM images of 43.9%PLGA IPN and 62.8%PLGA IPN



3.3.6 Swelling Behaviour

Figure 3.20 shows the volume swelling ratio Qv of VP/MMA and PLGA IPNs as a
function of time. For all the hydrogels, Qv quickly increases up to a certain level at the
initial state and then levels off. Qv of VP/MMA reaches 90% of its maximum swelling
within the first 10 hours. Qv of PLGA IPN is slower and it takes longer to reach the

equilbrium state, which is more obvious with higher PLGA weight fractions.
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Figure 3.20 Swelling Behaviours of VP/MMA-PLGA IPN hydrogels in distilled water

Table 3.2 Swelling Parameters of VP/MMA and PLGA IPN

Initial swelling | Equilibrium Swelling | Swelling EWC(%)
rate Ri (%/h) Ratio(100%) Period(h) °
VP/MMA 96.0 5.5 12 85.6
25.1%PLGA
PN 68.4 3.0 18 75.3
43.9%PLGA
PN 37.4 2.1 40 66.9
62.8%PLGA
PN 10.6 1.2 60 55

Table 3.2 summarizes the initial swelling rate Ri, the equilibrium swelling ratio Q,,, the
swelling period, and the EWC of VP/MMA and PLGA IPNs. R; and @, is largely
decreased with the increase in PLGA weight fraction, while the time taken to reach the

equilibrium state increases with the increase in PLGA weight fraction.
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Figure 3.21 Equilibrium swelling ratio as a function of PLGA weight fraction

Figure 3.21 shows the equilibrium volume swelling ratio as a function of PLGA weight

fraction. Q,, decreases almost linearly with PLGA weight fraction with R? of 0.77.
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Figure 3.22 Swelling behaviour of PLGA IPN with varied crosslinker content
Figure 3.22 shows the swelling behaviour of 43.9%PLGA IPN and 62.8%PLGA IPN
with 0.2wt% and 2wt% crosslinker content. Changing the crosslinker content has not
produced a big influence on the swelling behaviour of PLGA IPN, although PLGA IPN
with 2wt% crosslinker does show a slightly lower equilibrium swelling ratio than that

with 0.2wt% crosslinker at the same PLGA weight fraction.
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3.4 Discussion

3.4.1 Differential Scanning Calorimetry

Because of the absence of covalent crosslinks between individual networks in an IPN
system, two Tg values have long been observed. Two Tg values were observed in
PEG/chitosan IPN hydrogel[111], one at 42°C (corresponding to PEG) and another at
130°C (corresponding to chitosan). These Tg values were slightly lower than those of
individual components, which was thought to be the result of a limitation on
reorientation and crystallinity of due to the interference from the other network. Two Tg
values at 61°C and 160°C were also observed for PNIPAAmM/PNAS(poly(N-
acryloxysuccinimide)) IPN hydrogels[181], while Tg of PNIPAAm and PNAS were
observed at 59°C and 140°C, respectively. The shift in Ty values was thought to be a
result of chain entanglements in the IPN system, requiring a higher temperature to
promote chain mobility.

Thus for IPN hydrogels, two Tg values corresponding to each individual network can be
observed but shifts may happen due to the entanglements between the component
networks. Tz of VP/MMA has been reported to be 161°C[86] and Tg of PLGA was 21°C
according to Figure 3.12. However, Tg of PLGA IPN was only observed around 17°C
(Figure 3.13), which corresponds to the glass transition of PLGA. No obvious glass
transition was observed for VP/MMA and fluctuations in the heat flow were present at
temperatures above 130°C in both heat cycles. The instability above 130°C and the
decreased Ty of PLGA is believed to be a result of residue solvent acting as a plasticizer
in the IPN system. As described in Section 3.2.3, the incorporation of PLGA into
VP/MMA network is though solvent absorption. And there must be residue solvent left
which cannot be extracted under the mild drying conditions(for the preservation of the

original shapes and structures of the bulk hydrogels). Changing the shape of the bulk
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hydrogels from cylinders to plates had been observed to help evaporate the solvent
because of a larger specific surface area but there was still some solvent trapped in the
centre.
For hydrogels, water (moisture) absorbed from the air, solvent residues left during
preparation can act as a plasticizer. It is well known that Tg of amorphous solids can be
predicted using equation (3.14)[182], where Ty ;.. Ty1, Ty, are the glass transition
temperature of the mixture, component one and component two, respectively. @, and
@, are their corresponding volume fraction. Thus a component with a low Tg will
decrease the Tg of the mixture, which is then called a plasticizer and that with a high T
will do the opposite.

Ty mix = 01Ty +0,T,, (3.14)
Water has a reported Tg of -137°C(136K)[183], which makes it a highly potential
plasticizer for many polymers[184]. In our case, residue DCM, with a melting point at -
97°C and boiling point of 40°C, is very likely to behave like a plasticizer in the IPN
hydrogels, unfastening the polymeric structure, and disrupting the inter-chain secondary
bondings(like hydrogen bonding). As a result, less energy(lower temperature) is needed

to promote chain mobility, leading to a decreased Ty observed around 17°C and no

obvious glass transition for VP/MMA.

3.4.2 Compression Test

The incorporation of PLGA into the VP/MMA network results in reinforcement of the
swollen hydrogel as confirmed by increased compressive modulus E shown in Table
3.1. The compressive stress-strain curves of VP/MMA and PLGA IPN hydrogels
resemble most with that of'a closed-cell foam. Both open and closed cell foam have an
initial elastic region mainly caused by cell edge bending and a final densification region

which figures a rapidly increasing stress[185]. The difference is that the elastic collapse
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plateau (caused by elastic buckling) is always absent in a closed cell foam. In this
thesis, plateau region is absent while stress rises with strain with increasing slope. This
is thought to be a result of the compression of the fluid within the cells which causes an
additional restoring force[185]. SEM images also indicate the closed-cell foam
structures.

The same as the plateau region, the initial linear region is not clear neither in the stress-
strain curves of VP/MMA and PLGA IPN hydrogels. The linear region is not clear
probably because of the following reasons: 1. The sample surfaces were not completely
flat, thus the initial region may not be reliable. 2. The strain rate used in this thesis is too
small(on the order of 10->-10"4/s). As has been reported, the initial linear region and the
plateau region become more differentiated only at higher strain rates[186].

Still, we consider a closed-cell foam where a fraction © of the solid is contained in the

cell edges(thickness t.), and the remaining fraction 1- ¢is in the cell faces with a

thickness tr. ¢ is introduced because in some cases solid material is drawn into the cell
edges during preparations, leaving a thin cell face. According to Gibson and Ashby, E
of a closed-cell foam is the sum of four contributions[185]: 1. Cell wall bending; 2. Cell

edge bending; 3. The compression of the cell fluid; 4. Cell faces stretching, as shown in

Figure 3.23.
F F
cell wall bending
_]i cell edge bending
/\l cell wall stretching
F F

Figure 3.23 Schematic of the compression of a closed-cell foam
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Young’s modulus E of the closed-cell foam can be described using equation(3.15)[185],
where Es is the modulus of the solid material forming the cell faces, p is the density of
the foam, p, is the density of the cell wall solid material, Po is the initial water pressure
inside the hydrogels, and v* is the Poisson’s ratio which is often taken as 1/3. The first
term in equation(3.15) describes the contribution from cell wall bending, the second
term from cell edge bending, the third from cell face stretching and the fourth from the

compression of the cell fluid[185]. The cell wall bending The contribution of cell wall

3
bending, (1 —@)3 (pﬁ) , 18 always ignored because in most cases solid material is

drawn into the cell edges during preparations, leaving a thin cell face thus cell wall

bending is negligible. Moreover, if pﬂ is small, it is also negligible. But this contribution

should not be ignored if the cell faces are not significantly thinner than cell edges and

when £ becomes large enough.

Ps

In the case ofa dry polymer foam, pﬁ equals the polymer volume fraction ¢, as shown

in equation(3.16). However, the compression test were done on swollen hydrogel

samples that contains large amounts of water. If we calculate £ with consideration of

Ps

the weight of water, it loses its original meaning and value in this equation. The

calculations do not make any sense neither. Thus for a hydrated hydrogel sample, ¢, is

more appropriate to be used than £ when modelling the modulus thus equation(3.17) is

N

used m this thesis.

E o (1—0)3 (L) + 0222 4 (1 @) 2 4 P=20)
Er-02 (L) +0 L+ (1) L+ S0 (3.15)
Mfoam
pﬂs= ;f;‘;‘;’; = VSO”;;;:W/:"“m = @ (of adrypolymer foam) (3.16)

Vsolids in foam
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~ (1— 0)%(p,)? + 0%¢,2 + (1 — B)g, +‘;((11;_2¢j’)) (3.17)

£

Es
It is clear that E is related to the polymer volume fraction ¢,. The higher the polymer
volume fraction, the higher the modulus. With the increasing weight fraction of PLGA
in the hydrogels, ¢, is increased as shown in Table 3.3(calculated using equation(3.12)
from the swelling behaviour data). The more PLGA in the hydrogel, the higher the ¢,
and the higher the modulus. According to most reports, increasing the polymer volume
fraction increases the modulus and plateau stress, and decreases the final strain at
densification[185, 187, 188]. The decrease in E can also be explained by a lower
equilibrium water content as a result of higher hydrophobicity brought by PLGA. As
has been stated in Section 3.4.1, water acts as a plasticizer in the hydrogels lowering the
glass transition temperature thus requiring less energy for the same deformation.
In the case of a dry porous polymer scaffold, the modelling using equation(3.15) would
be simple as Es and @ would be fixed and Po is the atmosphere pressure. However, for
VP/MMA and PLGA IPN hydrogels, not only ¢, but also Es is changing with
increasing PLGA weight fraction. Determining @ and Po also need complex
experiments. The stress-strain curves do not show a clear initial elasticity region nor the
collapse plateau region. Thus the collapse stress, which is taken as the intercept of the
extrapolations of the initial slope and the plateau stress cannot be known or compared
with modelled values. Still, when plotted as a function of ¢, E shows a power law
relationship with an exponent of 1.9, as shown in Figure 3.24. The exponent
corresponds to the second term in equation(3.17). Thus the cell edge bending might be
the main contribution to the elastic modulus of VP/MMA and PLGA IPN hydrogels.
This result is not surprising as most reports have confirmed the cell edge bending to

contribute most to the modulus[185].
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Figure 3.24 Compressive modulus E as a function of polymer volume fraction

It should be noted that this modelling may not be statistically liable because more
samples are needed for a better result. More importantly, in this case, unlike the other
polymer foams, Es, modulus of the cell wall material, is actually changing because of a
difference in PLGA and VP/MMA compositions(will be further discussed below).

To decrease the impact of the increase in polymer volume fraction, a normalized
modulus Ex is defined here as E multiplied by the porosity(=1 —¢,). Please note that En
does not have a specific meaning, and is just shown to see the relative increase in
modulus without the effect of the increased ¢,. A more commonly used term, the
specific modulus E4, defined as modulus divided by density, is also calculated. Those
values are summarized in Table 3.3 and the red figures show the percent increase from
the previous one. For example, 0.88 shows a 175% increase from 0.32.

Table 3.3 Specific modulus of VP/MMA and PLGA IPN

%ﬁgﬁﬁ%t E( 10° Pa) CD;?)S“-‘/(g/ E(10'N/g) | @, | En(105Pa)
0 032 119 027 0.16 027

251 | 088(+175%) | 125 | 0.70(+159%) | 025 | 0.66(+144%)

439 | 144(+63.6%)| 126 | L14(+62.8%)| 033 | 0.96(+454%)

628 | 228(1583%)| 129 | 177(+553%)| 042 | 1.32(137.5%)
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As can be seen from Table 3.3, the percent increase in modulus with the PLGA weight
fraction is decreased by normalizations using density or polymer volume fraction. Thus
the increase in ¢ does contribute to the increased modulus but it is not the only reason
as the modulus is still increasing with PLGA weight fraction after the normalizations.
Thus it comes to the point when we have to consider the change in Es, the modulus of
the cell wall material

It is clear from equation(3.17) that the overall modulus of the hydrogels also depends
on Es. Those cell walls can be porous themselves and in this case, they are inter-
penetrating polymer networks. A direct measurement of the cell wall modulus is
difficult due to the small size of the cell member[185], but the influence with the
incorporation of PLGA into the networks can be discussed as follows. Figure 3.25
shows the idealized schematic of the structures in the cell walls of VP/MMA and PLGA
IPN hydrogels.

VP/MMA PLGA IPN

I Hydrophobic clusters
Pl

VP/MMA polymer network
PLGA polymer network

Figure 3.25 Schematic of the structures in the cell walls of VP/MMA and PLGA IPN hydrogels
When PLGA is incorporated into the single VP/MMA network, a much denser network
is formed as shown in Figure 3.25. And PLGA is hydrophobic, thus its polymer chains
tend to aggregate into clusters because of the attractions between non-polar

groups(hydrophobic bonding)[43]. This effect is enhanced by the presence of water in
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an attempt to minimize contact with water molecules[43]. These hydrophobic clusters
act as physical-crosslinks, preventing chain displacements over a larger range of
loading, thus leading to an increased E. The SANS data(will be discussed in Section
3.4.3) confirms the formation of clusters or aggregates which is increasing with PLGA
weight fraction. The increased hydrophobic bonding contributes to the effective
crosslinking density, which will be shown in Table 3.7. Thus a higher PLGA weight
fraction leads to a more rigid polymer network constructing the cell walls, meaning a
higher Es. According to equation(3.17), this leads to a higher overall modulus E of the
swollen hydrogels. Hydrophobic bonding has been widely reported to enhance the
mechanical properties of hydrogels. These hydrophobic nanodomains formed serve as
physical crosslinks and contributes to the effective crosslinking density and energy
dissipation[189]. The more detailed characterizations of these hydrophobic
nanodomains have been done using small angle X-ray scattering[190] and !3C
NMRJ[191].

All in all, both the polymer volume fraction ¢, and the modulus of the cell wall solid
material Es increase with PLGA weight fraction, leading to a higher modulus E of the
swollen hydrogels according to equation(3.17).

It should be noted that hydrogels are viscoelastic[192], thus their mechanical properties
are dependent on strain rate or time. The loading rate used in this thesis is 100mN/min
and the corresponding strain rate is on the order of 10->-10*/s, which is in a quasi-static
state. The hydrogels, when implanted under the subcutaneous layer of skin, are
subjected to a different strain rate and dynamic loading due to the restoring force of the
skin tissue and external impact as well. Thus the performance of the hydrogels in real
situations might not be the same as in this compression test. It has been widely reported
that the compressive modulus increases with strain rate and the plateau stress also
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rises[185, 186, 193]. Actually the initial linear region and the plateau region will be
much more evident at higher strain rates than lower strain rates[186]. And a yield point
may not be obvious at low strain rates but will appear or become more pronounced at
higher strain rates[185]. PLGA has been reported to have a higher compressive modulus
and yield strength with increased strain rate[194]. It is expected that VP/MMA and
PLGA IPN would have a higher modulus with increased strain rate, but it probably
won’t change the fact that the modulus is still increasing with PLGA weight fraction.
Still, DMA(dynamic mechanical analysis)would be helpful analysing the viscoelastic
behaviour of these hydrogels, including creep behaviour and stress relaxation
behaviour. The change of storage and loss modulus with temperature would also
provide more information about the structural change with the incorporation of PLGA.
These may provide more details which would help build up a mechanical model and
also better predict the mechanical performance in real situations when implanted under
the skin. They may also elucidate more on the mechanism of how PLGA increases the
modulus of the hydrogels and whether those hydrophobic clusters provide a better
energy dissipation, as some reports suggested[189, 195]. Besides the strain rate
dependence of the solid cell wall material, the cell fluid may be expelled during
compression, requiring an additional work done against the viscosity of the fluid which
may introduce a new strain-rate dependence[185].

E shows a good linear relationship with PLGA weight fraction, with R? of 0.96 as
shown in Figure 3.15. This means the compressive modulus of swollen IPN hydrogels
can be predicted with PLGA weight fraction before the implantation, which will be

useful i the clinical surgeries.

3.4.3 Small Angle Neutron Scattering

The SANS spectrum of VP/MMA has no discernible features, which means a relatively
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homogeneous structure with randomly oriented polymer chains. The presence of a very
broad shoulder at low Q range (Q<0.01A") means the mesh size is fairly uniform[196].
SANS data of VP/MMA and PLGA IPN was fitted with the models shown in Section

3.2.7 using Sasview software. The Chi2/Npts(goodness of fit) is summarized in Table

3.4:

Table 3.4 Chi2/Npts values of SANS data of VP/MMA and PLGA IPN fitted with different models
Model VP/MMA | 28%PLGA IPN | 46%PLGA IPN | 63%PLGA IPN
DAB 697.0 2089.6 1059.5 431.3

Lorentzian 4.1 830.8 611.6 249.5

Correlength 34 22.8 48.7 4.5

GaussLorentz 8.7 819.1 2001.7 2526.7

GelFit 3.9 158.1 195.1 100.6

Table 3.4 shows that the SANS spectrum of VP/MMA and PLGA IPN cannot be
adequately described by DAB Model which characterizes a two-phase system. For
VP/MMA, this is because of the covalent bonds between VP and MMA. For PLGA
IPN, this is intermediate evidence that there exists some molecular level
interpenetrating between the two networks and the IPN hydrogels prepared in this thesis
are inter-penetrated networks and not just phase-separated systems.

Correlength Model seems to fit better than Lorentzian Model for the interpretation of
the SANS data. As has been illustrated in Section 3.2.7, the difference between those
two models is that Correlength Model includes an additional term characterizing the
clusters at the low Q range (Q <0.01A") which corresponds to large length scale
(>600A) clusters or aggregates. For VP/MMA, the Chi2/Npts value shows no
significant difference between those two models, while for PLGA IPN, Correlength
Model shows a much lower Chi2/Npts value. This indicates that VP/MMA has a
relatively more homogeneous network while PLGA IPN has more inhomogeneities at

the large length scale.

As can be seen in Figure 3.16, the excess scattering at low Q range (Q<0.01A™) of
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PLGAIPN is only the latter part or tail of the low Q feature, while the rest is beyond the
limit of SANS equipment (6-1570A). Thus it is difficult to assign the size of the large
aggregates which are probably larger than 1570A.

GaussLorentz Model is good enough to describe VP/MMA, showing a Chi2/Npts of
8.7. However, it is not adequate for the characterization of PLGA IPN, as shown by the
sharply increased Chi2/Npts value with PLGA loading. The reason is that GaussLorentz
Model has a limiting Q dependence of -2 in the Lorentzian term, regardless of the
fractal dimension of the scattering body. Gelfit Model solves this limitation by
introducing a fractal related Q dependence, thus showing an acceptable Chi2/Npts for
characterizing SANS data of PLGA IPN.

SANS data of VP/MMA can be adequately described by any of the above models
except for the DAB Model. However, SANS data of PLGA IPN can only be adequately
described by Correlength Model and GelFit Model, i.e. models that incorporate terms to
account for inhomogeneities(clusters) atthe low Q range, and for the fractal dimension.
Correlength Model seems to be the most appropriate one to characterize the SANS data,
and the fitting curves are showing in Figure 3.26 and the corresponding fitting

parameters are summarized mn Table 3.5.
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Table 3.5 Charactering parameters of SANS data fitted with Correlength Model

VP/MMA 28%PLGA 46%PLGA 63%PLGA
IPN IPN IPN
m 1.7 3.9 4.1 4.1
Correlation Length(A) 99 262 207 160

The exponent m shows the interaction between polymer chains and the solvent (see
Section 3.2.7). VP/MMA has an exponent of 1.7, which means most of VP/MMA
polymer chains are fully swollen in the solvent (self-avoiding walk). For PLGA IPN,
the exponent is largely increased to around 4, which means that polymer chains are
highly constrained in the solvent. As has been stated in Section 3.2.7, m corresponds to
the fractal dimension of the scattering object. Thus the incorporation of PLGA changes
the fractal dimension of the hydrogel from mass fractal to surface fractal. This is
probably due to the segregation of PLGA chains which do not dissolve in D>O and tend
to stick to each other and form clusters to minimize their contact with the solvent
molecules. 28%PLGA IPN shows m of 3.9, indicating rough surfaces. 46%PLGA IPN
and 63%PLGA IPN shows m over 4, indicating extremely strong aggregation of PLGA

domains.

82



The correlation length shows the average distance between entanglements[174]. And in
the case of a hydrogel, & shows the mesh size. § has been long predicted to scale with
the volume fraction ¢, of a swollen hydrogel[197], as shown in equation(3.18) and
(3.19):
E~@, %% when g, <0.01 (3.18)
§~@, Y2 when g, > 0.01 (3.19)
It should be noted that ¢, is related to the equilibrium swelling ratio in equation (3.20):
Q =@ * =1 (3.20)
Thus a smaller correlation length corresponds to a higher volume fraction ¢, and a

lower equilibrium swelling ratio.
€ derived from the Correlength Model is plotted as a function of ¢ /2 ofthe swollen

hydrogels in Figure 3.27. In this study, the volume fraction of all the swollen hydrogels

is larger than 0.01, thus equation (3.19) is used for the plotting.
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Figure 3.27 ¢ of the Correlength Model as a function of the volume weight fraction <pS_1/Zof the swollen
hydrogels

Figure 3.27 shows that the correlation length of PLGA IPN with varied PLGA weight

fractions fits well with the scaling law. This shows that the experimental data from the
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swelling behaviour and SANS is well described by the scaling law. SANS verifies that
for PLGA IPN, a higher PLGA weight fraction results in a decrease in the effective
mesh size(correlation length), which means more effective crosslinks per unit volume
and less effective space for water diffusion and less free volume for water molecules to
reside in. This contributes to the decreased water diffusion rate(swelling rate) with
increased PLGA weight fraction.

However, it can also been seen that & of VP/MMA shows a huge deviation from the
scaling law. This is probably due to the significant difference in the internal structure
between VP/MMA and PLGA IPN. As has been stated above, VP/MMA has a much
more homogeneous structure than PLGA IPN, whose SANS data can be described by
most of the models used for hydrogels. For PLGA IPN, SANS data is collected together
from both VP/MMA and PLGA networks. Thus & of PLGA IPN shows an averaged
effective mesh size of the whole structure, including the concentration fluctuations
caused by PLGA clusters. Thus § of VP/MMA and PLGA IPN might not be
comparable, but comparing between the PLGA IPN with varied PLGA weight fractions
will

To summarize, the following observations can be obtained from the SANS analysis:

1. PLGA IPN hydrogels are not just phase-separated systems as their SANS data
does not fit at all with DAB model which is built up to describe phase separated
systems.

2. VP/MMA shows a relatively more homogeneous network while PLGA IPN can
only be adequate characterized by models that include characterizing terms for
clusters at the low Q range(Q<0.01A"!) and for fractal dimensions. Correlength
Model and Gelfit Model are adequate to describe VP/MMA and PLGA IPN,
while the former is still much better with the lowest Chi2/Npts values.
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3. The incorporation of PLGA into VP/MMA changes the fractal dimension from
mass fractal to surface fractal. Adding only 26% PLGA dramatically changes the
physical structure of the hydrogel network, as can be seen from the significant
changes in the model parameters between VP/MMA and 26%PLGA IPN.
VP/MMA shows fully swollen polymer chains in the solvent, while PLGA IPN
shows a more constrained structure with more rough surfaces and greater
segregation of hydrophobic domamns i the pore walls(cell faces).

4. SANS proves that for PLGA IPN, increased PLGA weight fraction results in a
decreased effective mesh size. The decreased mesh size contributes to the
decreased swelling rate as shown in Table 3.2. The experimental values of the
correlation length and the polymer volume fraction in the swollen hydrogels fit

well with the scaling law.

3.4.4 Scanning Electron Microscopy

Figure 3.17 shows that VP/MMA has a fairly uniform porous network structure with
smooth surface although there are some areas where the polymer is more concentrated
than the others. The pore size of VP/MM A network lies in the range of 2umto 40pm, as
shown i Figure 3.17.

25.1%PLGA IPN shows a porous network similar to that of VP/MMA, but with rougher
surfaces and thicker walls. The pore size varies in a similar range compared to
VP/MMA but the structure becomes more compact with more irregular shaped
aggregates on the surfaces. The compactness and aggregates are more obvious with
increased PLGA weight fraction. Thus it can be speculated that the functionalized
PLGA monomer is absorbed into and stays on the surface of the porous network of
VP/MMA hydrogel, then an in situ polymerization is carried out in the presence of the

crosslinker and initiator. Because of the difference in microenvironments and the
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immiscibility between PLGA and VP/MMA, PLGA tends to form aggregated domains
with variable sizes and shapes. Higher PLGA weight fraction increases the
entanglements and the aggregation, resulting in the increased compactness and more
clusters.

The hydrophobic, crosslinked PLGA network and PLGA aggregates formed in the cell
walls act as a barrier for water diffusion. Thus a decreased diffusion coefficient can be

expected, which will be calculated in Section 3.4.5.2.

3.4.5 Swelling Behaviour

Table 3.2 shows the initial swelling rate, the equilibrium swelling ratio and EWC is
decreasing with PLGA weight fraction, while the swelling period increases with PLGA
weight fraction. The decreased swelling rate and extended swelling period can
effectively reduce the rate of tissue necrosis and the absence of any coatings or
membranes endows the IPN hydrogels the ability to be crafted by surgeons. Figure 3.21
shows a decreasing linear relationship between the equilibrium volume swelling ratio
and PLGA weight fraction with R? of 0.77. Thus by controlling the PLGA weight
fraction during preparation, we can predict the equilibrium volume swelling ratio of the
IPN hydrogels before the implantation. This will provide an advantage for controlling
the possible area of tissue growth in the plastic and reconstructive surgeries. However,
the equilibrium swelling ratio is much less than that of a single VP/MMA network,
which may limit the application of PLGA IPN hydrogels(will be further discussed in
Section 3.4.6).

The swelling rate and equilibrium swelling ratio can be affected by the monomer
ratio(hydrophobicity/hydrophilicity), crosslinker content, intensity of irradiation and
other reasons, as has been discussed in Section 2.2.5. In this study, the crosslinker

content and the swelling medium remain unchanged. Thus the change in the swelling
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behavior is believed to be the result of change in monomer ratio, ie. increased
hydrophobicity of the hydrogel with increased PLGA weight fraction.

The hydrophobicity of a material is characterized by its water contact angle via Young’s
equation and VP is regarded as a highly hydrophilic polymer, as shown in Section
2.2.5.1. The contact angle of PLGA has been tested to be 69.6°+ 4.3°[198]. The contact
angle of VP/MMA (9:1) has not been reported, but that of VP and MM A alone has been
shown to be 5°[40] and 71.5°[41], respectively. Thus in PLGA IPN, PLGA is the
hydrophobic component and VP/MMA(9:1) is the hydrophilic component. When PLGA
weight fraction increases, the hydrophobicity of the hydrogel network increases and
hence less binding sites are available for water molecules. Moreover, hydrophobic
components act as a steric hindrance preventing water molecules from binding with the
hydrophilic sites, leading to a further decreased water content. The less binding sites
and the steric hindrance from hydrophobic PLGA are responsible for the decreased
equilibrium water content(EWC) with increased PLGA weight fraction. And as has
been discussed in Section 3.4.2, the incorporation of PLGA into the VP/MMA network
increases Es, the modulus of the cell water material Thus when immersed in water, it is
more difficult for water molecules to penetrate through the cell walls and expand the
whole network, leading to a decreased initial swelling rate. The more rigid cell walls
also need more time for the polymer chains to be relaxed, which extends the swelling
period as a result.

The following analysis is a routine process for analysing hydrogels, including the
calculations of necessary parameters that support this explanation that hydrophobicity is
the cause for the difference in swelling behaviour between VP/MMA and PLGA IPN

hydrogels.
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3.4.5.1 Swelling Kinetics

It is important to understand the mechanism of water diffusion into the IPN hydrogels
as it provides information about the parameters controlling the swelling rate. An o ver-
rapid swelling rate of a tissue expander causes tissue necrosis instead of tissue
growth[170]. The water diffusion mechanism of VP/MMA and PLGA IPN is
determined using equation(3.21)[34], where M, is the water uptake at time t and M, is
the water uptake at the equilibrium state, k is a constant and n is the diffusion exponent
describing Fickian or anomalous swelling mechanism. The plots of equation(3.21) is

shown in Figure 3.28.

M,
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Figure 3.28 Water uptake M, /M, as a function of time

Equation (3.22) shows the natural logarithm of equation (3.21). The value of n and k
can be calculated as the gradient and the intercept of the curves shown in Figure 3.29.

In(M,/M,,) = Ink + nint (3.22)
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Figure 3.29 Natural logarithm of water uptake as a function of Int

This is performed in triplicate and the mean value of diffusion exponent n is obtained
and summarized in Table 3.6. For cylindrical shapes, an n value between 0.4 and 0.5
corresponds to Fickian diffusion, whereas n between 0.5 and 1 indicates non-Fickian
diffusion[199]. VP/MMA has an exponent nof 0.72, indicating an anomalous diffusion.
25.1% and 43.9%PLGA IPN have n values around 0.5 which characterize Fickian
diffusion and a diffusion-controlled process. 62.8%PLGA IPN has the exponent of 0.64,
characterizing an anomalous diffusion where water penetration is partially controlled by

viscoelastic relaxation of the polymer chains[200].

Table 3.6 The diffusion exponents and diffusion mechanism of VP/MMA and PLGA IPN

PLGA weight fraction Diffusion Exponent n Diffusion Mechanism
0 0.72 Anomalous
25.1% 0.47 Fickian
43.9% 0.51 Fickian
62.8% 0.64 Anomalous

The difference in diffusion mechanism has been illustrated in Section 2.2.4. VP/MMA
shows anomalous diffusion which means the rate of water diffusion(Raifr) and that of
polymer chain relaxation(Rrelax) are comparable. For IPN hydrogels, the diffusion
mechanism is transferred from Fickian to non-Fickian as PLGA weight fraction

increases. 25.1% and 43.9%PLGA IPN show Fickian diffusion behaviour, which means

89



their polymer chains still possess a high mobility to allow immediate penetration of
water into the hydrogel(Raiff<Rrelax). While 62.8%PLGA IPN shows an anomalous
diffusion which means its polymer chains are more constrained and hence water
diffision rate and polymer relaxation rate are comparable (Rditf~Rrelax).

The transfer of diffusion mechanism from Fickian to non-Fickian in IPN hydrogels has
been reported. PVA (poly(vinyl alcohol))-guar gum IPN microspheres changed its drug
release mechanism from Fickian to anomalous when crosslinker (glutaraldehyde)
content is increased by 3 times[201]. This was thought to be due to a decreased chain
mobility as a result of increased crystallinity(as determined by DSC) brought by
increased crosslinker content. Water diffusion mechanism of crosslinked PHEMA
hydrogel have been widely reported to change from Fickian to anomalous when
crosslinker content was increased up to a certain level(12.4mo1%)[202, 203]. This was
also believed to a result of increased crosslinker content that contributed to the rigidity
of the network. The diffusion mechanism of acrylamide/styrene-PVA IPN hydrogel
became more relaxation controlled when the content of hydrophobic styrene was
increased from 4.3mM to 13mM][200].

For PLGA IPN, crosslinker content remains the same for all the hydrogels. But the
increase in PLGA weight fraction will bring more hydrophobic bonding acting as
physical crosslinks as has been discussed in Section 3.4.2. Thus the effective
crosslinking density is increased, leading to a restricted chain mobility and change in
diffusion mechanism. The more restricted chain mobility is also indicated by the
increased compressive modulus with increased PLGA weight fraction shown in Table
3.1. The decreased chain mobility will contribute to a decreased diffusion coefficient,

which will be calculated in Section 3.4.5.2.
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3.4.5.2 Diffusion Coefficient

The diffusion coefficient D shows the rate at which the diffusing substance is
transported through a cross-section of'a system. For cylindrical hydrogel samples, one
of the most widely used methods is the short time approximation method assuming the
surface concentration is constant and the values of M, /M, is less than 0.6[34] as shown
in equation (3.23), where M, and M are the amount of water absorbed at time t and at

equilbrium, respectively. D is the diffusion coefficient and ris the diameter.

=2 2k (3.23)

My T
Ideally, D should be calculated using equation (3.24), considering different hydrogel
has different diffusion exponent n[204]:

ML; —4 [% " (3.24)
However, the diffusion coefficients of VP/MMA and PLGA IPN calculated using
equation (3.24) make no sense nor show any trend. Thus short time approximation
using equation (3.23) is used instead for the calculation of D. Table 3.7 shows D values

calculated using equation (3.23):

Table 3.7 Diffusion Coefficient of VP/MMA and IPN hydrogels

PLGA weight fraction D( 107cm?/s)
0 17.02
25.1% 9.86
43.9% 8.66
62.8% 4.94
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Figure 3.30 The diffusion coefficients of PLGA IPN with varied PLGA weight fraction

Figure 3.30 shows the diffusion coefficient as a function of PLGA weight fraction. The
decrease in D is also believed to a result of increased hydrophobicity brought by PLGA.
The amine groups of VP/MMA tend to form hydrogen bonds with water molecules, but
the methyl side groups of PLGA, which is energetically unfavorable for water
molecules to bind, act as diffusional barriers and steric hindrance(blocking access to a
reactive site by nearby groups) as well[43]. Thus the decreased diffusion coefficient is a
result of increased hydrophobicity and steric hindrance.

In addition, the mechanical analysis (Section 3.4.2) and the diffusion mechanism
(Section 3.4.5.1) both confirm the more restricted chain mobility with increased PLGA
weight fraction. This means chain relaxation takes more time and more energy is
needed for the water molecules to penetrate in. This also contributes to the decreased
diffuision coefficient.

3.4.5.3 Structure Characterization Parameters

The molecular mass between two neighbouring crosslinks for neutral networks, Mc, can
be calculated from the swelling data using equation (3.25)[205], where ¢, is the

polymer volume fraction at the equilibrium state, V; is the molar volume of water, p is
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the density of the dry hydrogel, xy is the Flory-Huggins interaction parameter and f is
the functionality of the crosslinking agent:

R AN
Mc = [m(1- @) +@s+x 92 ] (3.25)

The effective crosslinking density y, can be calculated using the swelling data and the
compressive modulus using equation (3.26) and (3.27), where E is the compressive
modulus, R is the universal gas constant, T is the absolute temperature:

E = RTy, @3 (3.26)

1

In(1— @) + @, +x02 + 1, V; ((pSE — 2<psf_1) =0 (3.27)
Table 3.8 summarizes the calculated structure parameters.

Table 3.8 Structure Characterization Parameters of the hydrogels with different PLGA weight

fractions
PL(;A weight 0 25.1% 43.9% 62.8%
action

G( 105 Pa) 0.32 0.88 1.44 2.28
@3 0.54 0.63 0.69 0.75

¥, (mol/n?) 24.3 57.4 85.7 124.8
@, 0.16 0.25 0.33 0.42

X 0.56 0.60 0.64 0.70

p (glemd) 1.19 1.25 1.26 1.29
M, (10* gimol) 4.90 2.18 1.47 1.03

Figure 3.31 shows the Flory-Huggins interaction parameter y as a function of PLGA
weight fraction. ¢ is increasing with PLGA weight fraction and deviating from 0.5 as
well. The ability of polymer networks to absorb water depends the interaction between
water molecules and polymer chains. According to the Flory-Huggins theory, y takes
higher values if there is a weaker interaction between polymer and water. Thus a more
hydrophobic network has a higher . The increase in y supports the explanation that
hydrophobicity of the IPN hydrogels is increasing with PLGA weight fraction, leading
to a decreased initial swelling rate, diffusion coefficient, equilibrium swelling ratio and
EWC.
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Figure 3.31 Flory-Huggins Interaction Parameter as a function of PLGA weight fraction
Y, 1s the effective crosslinking density, which not only includes chemical crosslinking
but also physical crosslinking like hydrophobic interactions[206]. The effective
crosslinking density must be measured, since it normally differs from the theoretical
crosslinking density characterized by the mole fraction of crosslinker in the
monomers[207]. Figure 3.32 shows y, increases with the increase in PLGA weight
fraction. Since the molecular weight of PLGA and crosslinker content remains the same
for all IPN hydrogel, the increase in the effective crosslinking density means more
physical crosslinking generated by the hydrophobic interactions of PLGA domains. The
increase in Y, corroborates the increase of compressive modulus of the swollen

hydrogels (Table 3.1).
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Figure 3.32 The effective crosslinking density as a function of PLGA weight fraction
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Y, has been widely observed to increase with the composition of the hydrophobic
component in a hydrogel network. y, of VP/MMA copolymer hydrogels increased from
0.97mol/m? to 34.04mol/m* when MM A weight fraction was increased from 5% to 30%
while the crosslinker content remained as 0%[206]. This was due to the increased
hydrophobic bonding between MMA domains acting as physical crosslinks. Higher
MMA weight fraction also led to a decreased EWC and increased Young’s modulus.
When the molecular weight of VP/MMA and PLGA is fixed, the decreased average
molecular weight between two consecutive crosslinks, M. and the increased effective
crosslinking density y, indicate a decreased average distance between two effective
crosslinks (mesh size), which has been confirmed by SANS.

3.4.5.4 Hydrophobicity vs Crosslinker Content

EWC can be controlled by the monomer ratios[38] which change the
hydrophilicity/hydrophobicity of a hydrogel or by crosslinker content which changes
the mesh size of a hydrogel[49].

Figure 3.20 and Figure 3.22 shows the swelling behaviour of PLGA IPN with varied
PLGA weight fraction and varied crosslinker content, respectively. 43.9% and
62.8%PLGA IPN shows similar swelling curves when the crosslinker content is
increased from 0.2wt% to 2wt%. Figure 3.33 shows the comparison between the
effects of PLGA weight fraction and crosslinker content on the equilibrium swelling

ratio.
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Figure 3.33 Equilibrium Swelling Ratio as a function of (a)PLGA weight fraction (b)crosslinker content

Figure 3.33 shows that change in PLGA weight fraction creates a much steeper decrease
in the equilibrium swelling ratio than change in crosslinker content. When PLGA
weight fraction is increased by 2.5 folds, Q. decreases by 66.7%. When crosslinker
content is increased by 10 folds, Q. of 43.9%PLGA IPN and 62.8%PLGA decrease
only by 10%-20%. Thus for PLGA IPN hydrogels, controlling the monomer ratio, i.e.
hydrophilicity/hydrophobicity of the polymer network seems more important than the
crosslinker content in controlling the swelling behavior.

However, the swelling behaviour of the IPN hydrogels also depends on the properties of
VP/MMA network. Since the VP:MMA monomer ratio and the crosslinker content used

for the preparation of VP/MMA remains the same in this study, it is hard to conclude
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that the hydrophilicity/hydrophobicity is more important than crosslinker content in
controlling the swelling behaviour of PLGA IPN hydrogels.

Although it has not been systematically compared, most studies illustrated in Section
2.2.5.1 and 2.2.5.2 show a much more significant decrease in EWC with the increase in
the ratio of the hydrophobic component than with the increase in crosslinker content.
However, Corkhill[43] brought it into attention that this depended on different
hydrophobic components as well. PHEMA hydrogels with increased crosslinker content
as well as increased weight fraction of MMA or styrene were prepared and their EWC

and free water content (tested by DSC) were plotted, as shown in Figure 3.34.
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Figure 3.34 EWC and free water content of PHEMA hydrogels with increased crosslinker content(left) and
increased MMA or styrene weight fraction(right)(reproduced from[43])

According to Figure 3.34, increasing crosslinker content from 0 to 20% decreases EWC
from 45% to 21%, while increasing MMA and styrene weight fraction from 0 to 20%
decreases EWC from 38% to 27% and 14%, respectively. Thus EWC decreased by
53.3%, 28.9%, 63.2% for the same increase in crosslinker content, MMA weight
fraction and styrene weight fraction, respectively. Styrene has been reported to have a
water contact angle of 91°[208], which makes it more hydrophobic than MMA
(71.5°)[41]. Thus it depends on the individual properties of the hydrophobic component

and the crosslinker in controlling the swelling behaviour of hydrogels.
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In PLGA IPN hydrogels, tuning PLGA weight fraction seems to be more effective than
crosslinker content(for crosslinking PLGA) in controlling the overall swelling
behaviour. Increased PLGA weight fraction affects the swelling behaviour of the IPN
hydrogels mainly by providing less binding sites for water molecules and acting as
steric hindrance (providing an energetically unfavourable environment for water to bind
with any hydrophilic component). The increased PLGA weight fraction also produces
more hydrophobic bonding in the hydrogel network, which contributes to the more
restricted mobility of the polymer chains. The increased hydrophobicity and decreased
chain mobility lead to a decreased diffusion coefficient, initial swelling rate and
equibrium swelling ratio and an increased swelling period.

Thus, we can conclude that the weight fraction of PLGA is crucial in controlling the

expansion rate and equilibrium swelling ratio of VP/MMA-PLGA IPN hydrogels.

3.4.6 Limitations of the PLGAIPN hydrogels

It can be noted that the equilibrium swelling ratio is largely decreased with the
incorporation of PLGA network, which may limit the application of these IPN
hydrogels to surgeries that require only a small piece of grown tissue, such as
anophthalmia, eyelid, ear, lip or nose reconstruction. The decreased equilibrium
swelling ratio is expected, as the hydrophobicity is increased with the incorporation of
PLGA. Ideally, with the degradation of PLGA, the hydrogel will become less and less
hydrophobic and absorb more water and finally expand to its maximum capacity as a
single VP/MMA hydrogel will do. However, the expansion of PLGA IPN hydrogels can
only reach a proportion of the maximum expansion of a same size VP/MMA hydrogel.
This is thought to be a problem with PLGA which cannot be effectively degraded in

distilled water nor untangled from the VP/MMA network and diffuse out of the
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network. If PLGA remains in the network, it will stop water molecules from binding
with the polar groups on VP/MMA network chains and refuse to accommodate free
water molecules. However, even when immersed in PBS for months(not shown here,
PBS is supposed to degrade PLGA), the hydrogel did not reach the swelling capacity of
a same-sizec VP/MMA and as PLGA degraded, the gel became softer but no more
expansion was observed. This could be attributed to two reasons: 1. The expansion may
be offset by the existence of various ions in the PBS solution; 2. VP/MMA network
could have already pre-expanded when immersed in DCM to incorporate PLGA
networks. This pre-expansion could not be eliminated during the drying process. Thus
the pre-expanded VP/MMA only has limited swelling capacity left. Thus if PLGA IPN
could be prepared in a way that does not include pre-expansion in some solvent, the
VP/MMA network may retain its swelling capacity. PLGA nanoparticles could be a
good choice to start with if we want to avoid pre-solvent absorption. And PLGA
nanoparticles may be better controlled to create a more homogeneous system and also
more effectively degrade or diffuse out of the system.

The swelling period of these PLGA IPN hydrogels is longer than VP/MMA hydrogels,
however, still much lower than the desirable period(weeks or months). This is the
consequence of not having a coating or membrane. PLGA may slow down the water
molecules from binding with the hydrophilic groups of VP/MMA, but cannot stop it.
No hydrogels at present have been reported to have a swelling period over weeks or
months long, unless with membranes or coatings. Thus it may still remain a problem if
we want to extend the swelling period but also need the hydrogels to be able to be
crafted without damaging its properties.

It might be confusing that the decreased swelling rate can also be achieved by pre-
expanding VP/MMA hydrogel, and using the levelled off latter half for tissue

99



expansion. As shown in Figure 3.35, the swelling process of VP/MMA starting from
point A is similar to that of PLGA IPN starting from point O. But the mechanical
properties of VP/MMA will be steeply decreased at point A due to the water plasticizing
effect, which may not be able to sustain the surgical operations. The mechanism is also
different. For VP/MMA, it is mostly absorbing free water after point A as binding water
gets saturated, according to Section 2.2.4. For PLGA IPN, it is slowly absorbing
binding water from point O and later free water because of less binding sites and the
steric hindrance from hydrophobic PLGA chains(will be further discussed below). Thus
although the PLGA IPN has less swelling capacity, it is still valuable in skin
reconstructions where only limited grown tissue is needed, such as anophthalmia, nose,
lip or eyelid reconstruction. And for small tissue expansion, the swelling period does

not have to be weeks long as long as it does not cause tissue necrosis.
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Figure 3.35 Schematic of the swelling process of PLGA IPN and VP/MMA

3.4.7 1PN structure

Identifying an inter-penetrating polymer network structure does not have a well-
constructed nor accepted way. Sperling emphasized that one network must be
crosslinked in the presence of another and there are no covalent bonds between

them[105]. However, the interpenetrating on the molecular level is an ideal situation,
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and actually only limited penetration could be achieved due to phase separation[104]. In
this thesis, acrylated PLGA is crosslinked in the presence of a crosslinked VP/MMA
network. Thus the preparation method meets the definition. DSC is supposed to show
two individual glass transition temperatures, which indicates that there are no covalent
bonds between PLGA network and VP/MMA network and both retain its own
properties. However, T of VP/MMA is not evident because of the effect of residue
DCM left in the gel With that being said, it is believed that T of VP/MMA will
become evident if DCM can be totally extracted. As will be shown in Chapter 4, the
preparation of VP/MMA-PCL semi-IPN will be in an anhydrous state and its DSC
spectrum shows two individual glass transitions. Thus DSC analysis supports the
definition that there are no chemical reactions between those two networks. However,
two Tg values can also indicate phase separation. SEM cannot differentiate between
these two networks nor show any interpenetration on the molecule level, but SANS can
evaluate the molecule level structure. The SANS analysis show that the spectra of
PLGA IPN hydrogels cannot be described by the DAB model, which is built up for
phase separation networks. This indicates that the IPN hydrogels are not just phase-
separated networks.

To summarize, the PLGA IPN hydrogels prepared in this thesis can be defined as IPN
structure as they satisfy the definition and are not just phase separated system as

ndicated by SANS.

3.5 Summary

VP/MMA-PLGA IPN hydrogels have been successfully prepared with varied PLGA
weight fractions. The initial swelling rate and equilibrium swelling ratio decrease, while
the swelling period increases with the increase in PLGA weight fraction. This is

believed to be the result of increased hydrophobicity brought by the PLGA network.
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PLGA affects the water absorption by reducing the available binding sites for water
molecules and also acting as steric hindrance preventing water molecules from binding
with any hydrophilic components. Increased PLGA weight fraction also restricts chain
mobility because of the increased hydrophobic bonding acting as physical crosslinks.
Together the increased hydrophobicity and more restricted chain mobility lead to a
decrease in the swelling rate, diffusion coefficient, equilibrium swelling ratio and EWC.
The decreased swelling rate comes at the expense of decreased equilibrium swelling
ratio, which may limit the application of PLGA IPN hydrogels to surgeries that do not
require a large piece of generated skin.

The higher polymer volume fraction and increased Es(modulus of cell walls) due to
hydrophobic bonding are responsible for the increased compressive modulus of the
swollen hydrogels.

SANS shows that the IPN hydrogels are not just phase-separated systems as they do not
fit in the DAB Model. It also shows that the incorporation of PLGA largely changes the
internal structure of the hydrogel, generating much more inhomogeneity characterized
by large length scale clusters. The CorreLength Model shows a decreased effective
mesh size with increased PLGA weight fraction in PLGA IPN, which can be well
described by the scaling law. SANS and SEM analysis indicate that PLGA goes through
an in situ polymerization after being absorbed onto the surface of VP/MMA porous
network and PLGA crosslinked into variable sizes and shapes due to the difference in
the microenvironment. The PLGA network acts as a hydrophobic barrier for water
diffusion and hydrogen bonding, resulting in the decreased swelling rate and
equilibrium swelling ratio.

Increasing crosslinker content has also been shown to decrease the equilibrium swelling
ratio of PLGA IPN, but at a much smaller extent than PLGA weight fraction. Thus in
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the preparation of PLGA IPN hydrogels, changing PLGA weight fraction is much more
effective than changing the crosslinker content(for crosslinking PLGA) in controlling
the swelling behaviour.

The equilibrium volume swelling ratio(Figure 3.21) and the compressive
modulus(Figure 3.15) at the swollen state can be controlled by controlling PLGA
weight fraction. Thus by tailoring PLGA weight fraction in the preparation of the IPN
hydrogels, we are now able to slow down the swelling rate and predict the possible area
of tissue growth and mechanical performance of the tissue expanders before
implantation. These IPN hydrogels have limited swelling capacities but their expansions
are controlled and they are the only expanders at present without a coating or
membrane, which means they can be easily crafted by surgeons to fit the desirable void

volume on the patients.
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Chapter 4: IPN Hydrogel with

Alternative Secondary Networks
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4 IPN hydrogels with alternative secondary
networks

4.1 Introduction
While Chapter 3 discussed the preparation and characterization of VP/MMA -PLGA
IPN hydrogel(abbreviated as PLGA IPN), this chapter is concerned with alternative
secondary polymer networks to replace PLGA and their properties on the swelling
behaviour of IPN or semi-IPN hydrogels. Biodegradable polyesters, PLA and PCL
(polycaprolactone) have been chosen because of their hydrophobicity, biodegradability
and biocompatibility (Section 2.5.4).
This chapter looks mto the following aspects:
1. Is it possible to prepare IPN hydrogels with PLA or PCL?
2. What’s the swelling behaviour of VP/MMA-PLA IPN hydrogel (abbreviated as
PLA IPN) and VP/MMA-PCL semi-IPN hydrogel (abbreviated as PCL semi-
IPN)?
3. How does Tg hydrophobicity, and crosslinking condition of the secondary
polymer network affect the swelling behaviour?
4. What’s the most important property of the secondary polymer network that
affects the swelling behaviour?
PLGA, PLA, and PCL vary mainly in 3 ways:
1. Glass transition temperature: Tg of PLGA was shown to be 21°C (Section 3.3.2),
while that of PLA and PCL is 33.5°C and -60°C(will be verified in section
4.4.2), respectively.
2. Hydrophobicity: The hydrophobicity difference is attributed to their different
chemical structure. The chemical structure of PLGA, PLA and PCL are shown

in Figure 4.1, Figure 4.2 and Figure 4.3, respectively. PLA is more hydrophobic
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than PGA because of the presence of methyl side groups in PLA units which
create a steric barrier for water binding. Thus PLA is more hydrophobic than
PLGA. PCL is even more hydrophobic and generally is highly crystalline[209,

210]because its linear backbone readily packs into extensive crystallites.
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Figure 4.1 Chemical structure of PLGA
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Figure 4.2 Chemical structure of PLA
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Figure 4.3 Chemical structure of PCL

The hydrophobicity order of PLGA, PLA and PCL has been verified by their water
contact angles. The water contact angle of PLGA has been reported to be around
69.6°[198]. The water contact angle of PLA has been reported to be around 81°-
82°[211, 212] and that of PCL in the range of 117°-134°[213, 214]. Thus the
hydrophobicity order should be:
PLGA < PLA < PCL
3. Crosslinking condition: PLA IPN was prepared the same way as PLGA IPN

because PLGA and PLGA share the similar chemical structure. However, PCL
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can’t be acrylated because of a lack of -OH end groups. PCL IPN will be
prepared by crosslinking VP/MMA in the presence of PCL monomer. According
to the definition of IPN (Section 2.4.1), it is defined as semi-IPN hydrogel as
PCL is not crosslinked.
The swelling behaviour of PLGA IPN, PLA IPN, and PCL semi-IPN will be compared
and the influence of the difference in their Tg, hydrophobicity and crosslinking
condition on the swelling behaviour will be revealed.
PLA IPN and PCL semi-IPN will also be assessed using mechanical compression tests
and differential scanning calorimetry. SEM will be used to show the internal

morphology of those hydrogels.

4.2 Experimental

4.2.1 Materials

VP/MMA copolymeric xerogels with 9:1 VP to MMA weight ratio were purchased
from Polymeric Science Ltd (New Ash Green, UK). PLA (poly D,L-lactic acid) was
purchased from Evonik Corporation, Birmingham Laboratories, US. The glass
transition temperature, the weight average molecular weight (Mw) and polydispersity
index (PDI) of PLA were 46°C, 20kDa, and 1.8, respectively. PCL was purchased from
Sigma-Aldrich, with average molecular weight of 45000g/mol, melting point of 60°C.
Vinyl-pyrrolidone(VP), methyl methacrylate(MMA), allyl methacrylate, acryloyl
chloride, triethylamine, anhydrous ethyl acetate, n-hexane, and dichloromethane
(DCM), N,N’-Methylenebisacrylamide (BIS), azobisisobutyronitrile (AIBN),

Deuterated chloroform (CDCL) were purchased from Sigma-Aldrich(UK).

4.2.2 PLA acrylation

PLA needs to be acrylated first in order to be crosslinked in the presence of VP/MMA
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to form a full-IPN. The acrylation process of PLA is the same as described for PLGA in

3.2.2.

4.2.3 Preparationof PLA IPN

The preparation of PLA IPN is the same as described for PLGA IPN in 3.2.3. IPN
hydrogels with different PLA weight fraction were denoted as vmpla0.025, vmpla0.05,
vmpla0.1, respectively. 0.2wt%(based on weight of PLA) of the crosslinker BIS and
0.2wt%(based on weight of PLA) of the initiator AIBN were used for PLA crosslinking,

the same amount as for PLGA. PLA weight fraction is calculated using equation (4.1),

Where m%, m M, stands for the weight fraction of PLA in PLA IPN(dry), the

vmpla
mass of PLA IPN(dry), and the mass of the original VP/MMA xerogel disc,
respectively:

mY = mplaTTom o 104 4.1)

Mympla
Using equation 4.1, vmpla0.025, vmpla0.05, vmpla0.1 samples correspond to a PLA

weight fraction of around 30%, 50% and 70% in the IPN hydrogels, respectively.

4.2.4 Preparationof PCLsemi-IPN

VP/MMA polymer network was crosslinked in the presence of PCL monomers. 0.9g
vinyl-pyrrolidone and 0.1g methyl methacrylate monomers (weight ratio 9:1) were
blended with 0.3g PCL at 70°C for 1h which is above the melting point of PCL(60°C).
Allyl methacrylate (0.2 wt%) and AIBN (0.2wt%), based on the weight of VP and
MMA monomers were then added as the crosslinking agents. The mixture was blended
to homogeneity and thermally polymerised in a polypropylene tube. The monomers
were initiated at 35°C for 12 hours and gel network was formed at 80°C for 12h. The
weight fraction of PCLis calculated using equation (4.2):

mY% = Tpel X 100% (4.2)

Myl + Myp T Mypma Y Merosstinking agents
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0.3g
0.3g+0.99+0.1g+0.012g

Using equation (4.2), PCL weight fraction is =22.9%

PCL semi-IPN with higher PCL weight fractions was not prepared because of the high

viscosity of PCL monomer i its molten state.

4.2.5 Preparationof VP/MMA

VP/MMA xerogel rods were used in the previous chapter which were purchased from
Polymeric Science Ltd (New Ash Green, UK) but their preparation method was
unknown. To serve as an absolute control sample to PCL semi-IPN, VP/MMA hydrogel
was prepared in the lab using the same method as shown in Section 4.2.4 just without
adding PCL. 0.9g VP and 0.1g MMA monomers (weight ratio 9:1) were blended under
room temperature for 10 minutes. Allyl methacrylate(0.2wt%) and AIBN(0.2wt%) were
then added as the crosslinking agents. The mixture was blended to homogeneity and

thermally polymerised in a polypropylene tube. The monomers were initiated at 35°C

for 12 hours, and then at 80°C for 12h.

4.3 Characterization

4.3.1 Nuclear Magnetic Resonance (NMR)

The acrylation process of PLA was verified by Nuclear Magnetic Resonance (NMR).
10mg/ml solution of the original PLA and the functionalized PLA in deuterated
chloroform (CDCl;) were tested under a Varian Mercury-300'H NMR at room
temperature. As described in 3.3.1, acrylate end groups have their unique resonance
frequencies. The absence and presence of the resonant signals from acrylate groups
before and after the functionalization process should be able to verify if PLA is

successfully acrylate end-capped.

4.3.2 Differential scanning calorimetry (DSC)

The determination of the glass transition temperature shows the phase separation in the
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IPN system and serves as evidence for the co-existence of component networks in the
IPN hydrogel Moreover, Tg of PLA and PCL will be compared with Ty of PLGA to see
if T of the secondary polymer network has any effect on the swelling behaviour of the
IPN hydrogels. Tg of dry PLA IPN and PCL semi-IPN were determined by differential
scanning calorimetry (Pyris Diamond Hyper DSC) with a heating rate of 100 °C /min
over a temperature range of -100 to 200°C. Samples weighing within 5-10mg were
analysed in aluminium pans, using an empty pan as the reference. The purge gas was
helium at a flow rate of 50ml/min. A combination of heating, cooling and heating a
second time was used to improve the resolution. Ty is extracted the same way as

described in Section 3.2.5.

4.3.3 Compression Test

The same as described in Section 3.2.6, the compression tests were performed on the
fully swollen samples using a Perkins ElImer DMA 7e dynamic mechanical analyser.
The compression rate was 100mN/min and the maximum load was 6000mN.
Compressive modulus E is calculated as the gradient of the curve in the strain range of
12%-14%.

4.3.4 Scanning Electron Microscope (SEM)

Microstructure of PLA IPN and PCL semi-IPN (swollen, freeze-dried) were studied
using field emission scanning electron microscope(Zeiss Nvision 40). Freeze-dried
samples were mounted on a double sided tape on aluminium spin stubs and sputter
coated with gold using E 5400 Sputter Coater(Bio-Rad, Polaron Division). SEM images

were recorded under the accelerating voltage of 2kV and 0.2K-6k magnification.

4.3.5 Swelling Behaviour

Swelling behaviour tests were carried out in distilled water at 37 °C, exactly the same as

described in Section 3.2.9. All the samples were performed in triplicate and the average
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value was calculated. The distilled water was replaced daily. The initial volume
swelling rate, equilibrium swelling ratio, swelling period, EWC, polymer volume
fraction and density of PLA IPN and PCL semi-IPN were characterized exactly the

same way as described for PLGA IPN in Section 3.2.9.

4.4 Results

441 Nuclear Magnetic Resonance
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Figure 4.4 TH-NMR spectrum of (a)original PLA (b)functionalized PLA (c)the magnified image of the
absence and presence of the functional groups before and after acrylation.

The '"H-NMR spectrum of the original PLA(a) and the functionalized PLA(b) and the
magnified image of the functional groups(c) are shown in Figure 4.4. The '"H-NMR

spectrum of both PLA share several peaks from the main structure of PLA. The peaks
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around 1.6 ppm correspond to the methyl groups (-CH3), while the peaks around 5.1-
5.3ppm correspond to the methine groups(-CH) in the lactide repeat units[179]. No
peaks are observed at around 4.9 ppm (the methylene groups) in Figure 4.4 because
there are no glycolide units[179]. The presence of the peaks at around 5.93ppm,
6.19ppm and 6.5ppm owing to the vinyl end groups[180] in Figure 4.4(b) demonstrates
the existence of acrylate end groups in functionalized PLA, which are not observed in
Figure 4.4(a). The successful acrylate end-capping enables PLA to be crosslinked into a
biodegradable polymer network in the presence of a primary VP/MMA hydrogel

network, forming a full IPN.

442 Differential Scanning Calorimetry

Ty of the original PLA is 46°C according to the data information provided by the
manufacturer. Tg of the acrylated PLA was tested under DSC and shown in Figure 4.5.

The extracted Ty is 33.54°C.
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Figure 4.5 DSC spectrum of acrylated PLA
DSC spectrum of PLA IPN (dry state) is shown in the Figure 4.6. The red line stands
for the first heat cycle and the black one stands for the second cycle. In the first cycle,
there was a broad glass transition observed at 22.67°C, which is believed to be the glass
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Heat FlowEndo Up (mW)

transition of PLA. Sample instability was observed at temperatures above 110 °C, which
was eliminated in the second cycle. The glass transition of PLA shifted to 39.23°C in

the second cycle and no obvious glass transition of VP/MMA was observed.
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Figure 4.6 DSC spectrum of PLA IPN (dry state)

As the contrast sample of PCL semi-IPN, VP/MMA xerogel prepared in the lab was
tested under DSC. Its DSC spectrum is shown in Figure 4.7. There was evidence of
sample instability at high temperatures (above 130°C) in the first cycle. The glass
transition was clear in the second cycle. A broad glass transition was observed and the

T, extracted is 131.8°C.
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Figure 4.7 DSC spectrum of the VP/MMA xerogel prepared in the lab

The DSC spectrum of PCL semi-IPN(dry) is shown in Figure 4.8. The glass transition
of PCL was not very clear in the 1 heat cycle but was observed in the 2"d heat cycle at
around -60°C. A peak around 60°C was observed in both heat cycles. The glass
transition of VP/MMA was not very clear in the 1% heat cycle but was observed in the

2nd cycle, at 146.21°C.
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Figure 4.8 The DSC spectrum of PCL semi-IPN (dry state)
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443 Compression Test
Figure 4.9 shows the stress-strain curve of PLA IPN with varied PLA weight fractions.

The compressive modulus E is shown in the Table 4.1(a) and compared with that of

PLGA IPN(Table 4.1(b)).
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Figure 4.9 Stress-strain curves of VP/MMA and PLA IPN

Table 4.1 The compressive modulus of the IPN hydrogels with different PLA(a) and PLGA(b) weight
fractions

PLA weight 5 PLGA weight .
fraction (%) (10 Pa) fraction (%) G(10° Pa)
28.6 0.67 25.1 0.88
497 157 439 144
71.8 52 62.8 2.8
(a) (b)

As can be seen from Table 4.1(a), E of PLA IPN is increasing with increasing PLA
weight fraction. This is similar with PLGA IPN, whose compressive modulus also
increases with PLGA weight fraction.

The stress-strain curves of swollen VP/MMA (prepared in the lab) and PCL semi-IPN
are shown in Figure 4.10. The extracted E is summarized in Table 4.2. PCL semi-IPN
shows a much higher E than VP/MMA. At the similar weight fraction, PCL semi-IPN
has a higher compressive modulus compared to PLGA IPN (0.88x10°Pa) and PLA IPN

(0.67x10Pa).
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Figure 4.10 Stress-Strain curve of VP/MMA and PCL semi-IPN

Table 4.2 Compressive Modulus of VP/MMA and PCL semi-IPN

PCL weight fraction (%) | E( 10° Pa)
0 0.79
22.9 6.2

444 Scanning Electron Microscopy

Figure 4.11 SEM images of 30%PLA IPN (swollen state, freeze-dried)

Figure 4.11 shows the SEM images of 30%PLA IPN (PLA weight fraction 30%,
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swollen state, freeze-dried). 30%PLA IPN shows porous network, which is similar as
PLGATIPN (see Chapter 3.3.5). The pore size ranges fromaround 10pum to 40um. Small
spheres or rregular aggregates were observed on the surface of the network as shown in

Figure 4.11(c). The same as PLGA IPN, PLA IPN also shows rough surfaces compared

to VP/MMA.

“(b)

Figure 4.12 SEM images of 50%PLA IPN(swollen state, freeze-dried)

Figure 4.12 shows the SEM images of 50%PLA IPN. Large pores and rough surfaces
were detected as shown in Figure 4.12(a). Figure 4.12(b) takes a closer look at the

surface and round and irregular aggregates were detected, which are more compact than

30A%PLA IPN shown i Figure 4.11(c).

Figure 4.13 SEM images of 70%PLA IPN(swollen state, freeze-dried)

Figure 4.13 shows the SEM image of 70%PLA IPN. Porous network was not detected
for 70%PLA IPN. Round and irregular aggregates were found on the surfaces. Small
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aggregates were packing into large aggregates and the structure is much more compact

than 30%PLA IPN and 50%PLA IPN shown above.

Figure 4.14 SEM images of PCL semi-IPN (22.9% PCL, swollen state, freeze-dried)
Figure 4.14 shows the SEM images of 22.9%PCL semi-IPN. There was no obvious

porous network and the structure was quite compact with rough surfaces. There were

some small holes on the surface with irregular sizes.

445 Swelling Behaviour
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Figure 4.15 The volume swelling ratio of PLA IPN with varied PLA weight fractions as a function of time

Figure 4.15 shows the volume swelling ratio of PLA IPN as a function of time. Similar
to PLGA IPN, the volume swelling ratio increases rapidly in the beginning and then

levels off. The initial swelling rate(Ri), equilibrium swelling ratio(Qw) and swelling
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period(Te) and EWC is summarized in Table 4.3 below, which shows R is largely
decreased with the increase in PLA weight fraction.

Table 4.3 Initial Swelling Rate, equilibrium swelling ratio, swelling period and EWC of VP/MMA and PLA
IPN

o . Equilibrium .
Im“atl Sojv;lﬂmg Swellng Ratio sw?lgnf EWC(%)
rate(%/h) (100%) eriod(h)
VP/MMA 96.0 5.5 12 85.6
28.6%PLA 42.1 2.21 20 72.7
49.7%PLA 23.2 1.25 45 57.8
71.8%PLA 8.4 0.76 80 44.3

The incorporation of PLA slows down the swelling and extends the expansion period.
The equilibrium swelling ratio of VP/MMA is around 5.5. However, 28.6%PLA IPN
has a Qx 0f 2.21, 49.7%PLA IPN of 1.25 and 71.8% PLA IPN of 0.76. As stated in
Section 3.3.6, 25.1%PLGA IPN can swell up to 3 times its original size, 43.9%PLGA
IPN up to 2 times, and 62.8%PLGA IPN up to 1 time. Thus PLA IPN has smaller
equilibrium swelling than PLGA IPN at similar weight fraction of the secondary

polymer network.
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Figure 4.16 Initial swelling rate, equilibrium swelling ratio and swelling period of PLA IPN with increased
PLA weight fraction
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Figure 4.16 shows the initial swelling rate, equilibrium swelling ratio and swelling

period of PLA IPN with increased PLA weight fraction. The initial swelling rate and

equilibrium swelling ratio decreases while the swelling period increases with increase

in PLA weight fraction. These three important parameters characterizing the swelling

behaviour all scale with the change in PLA weight fraction.

Figure 4.17 shows the equilibrium volume swelling ratio as a function of PLA weight

fraction. The same as PLGA IPN, PLA IPN has an equilibrium swelling ratio decreasing

almost linearly with increasing PLA weight fraction.
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Figure 4.17 Volume swelling ratio of PLA IPN as a function of PLA weight fraction

Volume Swelling Ratio (%)

_— c *— o
—=— 23% PCL semi-IPN
./ —e— VP/IMMA
,'/
¢
t(h)
T T T T T
0 10 20 30 40 50

Figure 4.18 The volume swelling ratio of VP/MMA and PCL semi-IPN as a function of time

Figure 4.18 shows the volume swelling ratio of PCL semi-IPN and VP/MMA (prepared
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in the lab) as a function of time. VP/MMA prepared in the lab shows similar swelling
curve with the one bought from Polymer Science Ltd. And the equilibrium swelling
ratio of both VP/MMA hydrogels is around 5. The initial swelling rate(R;), equilibrium
swelling ratio(Q«) and swelling period(Te) and EWC of VP/MMA (prepared in the lab)
and PCL semi-IPN is shown in Table 4.4.

Table 4.4 The initial swelling rate, equilibrium swelling ratio and swelling period and EWC of
VP/MMA(prepared in the lab) and PCL semi-IPN

Initial Equilibrium Swellin
Swelling Swelling Ratio Perio d(}%) EWC (%)
Rate(%/h) (100%)
VP/MMA
(prepared in the lab) 68 32 22 852
PCL semi-IPN 29.7 1.98 38 67.9

The incorporation of an uncrosslinked PCL network decreases the initial swelling rate

and equilibrium swelling ratio and extends the swelling period.

4.5 Discussion

4.5.1 Differential Scanning Calorimetry

No obvious peak was observed in the DSC spectrum of PLA IPN. A broad endothermic
peak was observed at low temperature and the extracted Tg was 22.67 °C in the first
cycle and 39.23°C in the second one. There was evidence of sample instability or
evaporation at temperatures higher than 110°C, which was only observed in the first
heat cycle. This could be a result of residue dichloromethane or absorbed water
evaporating at high temperatures. Ty in the region of 20-40°C is believed to show the
glass transition of PLA. Because of the residue dichloromethane acting as a plasticizer,
Tg was decreased to 22.67°C in the first heat cycle and was increased back to 39.23°C
in the second one. The glass transition of VP/MMA was unclear in both heat cycles,
which is believed to be the result of residue dichloromethane that had still not been

removed.
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Just as PLGA IPN, the preparation of PLA IPN went through an expansion process in
dichloromethane and not all the solvents could be extracted during the drying process
for the preservation of the original shapes and structures of the bulk hydrogels. Thus,
the residue dichloromethane acts as a plasticizer, unfastening the polymer structure,
disrupting the inter-chain secondary bonding, thus lowering the energy needed to
promote chain mobility, decreasing T and causing the glass transition of VP/MMA to
be unclear.

The glass transition of PCL semi-IPN showed much less sample instability at high
temperatures, compared to PLGA IPN and PLA IPN. This is because the preparation of
PCL semi-IPN was at an anhydrous state and no residue solvents could act as
plasticizers. The glass transition of PCL and VP/MMA was clear in the second heat
cycle. The glass transition around -60°C is thought to be the glass transition of PCL.
The endothermic peak at 60°C shows the melting of PCL. The glass transition of
VP/MMA is shown at 146°C, which is similar to the glass transition temperature of

VP/MMA xerogel prepared in the lab (131.8°C, shown in Figure 4.7).

45.2 Compression Test

The same as PLGA IPN, PLA IPN and PCL semi-IPN both show increased compressive
modulus E as their weight fraction is increased in the IPN system. The same as
discussed in Section 3.4.2, first of all, the increased modulus is a result of increased
polymer volume fraction ¢, in the hydrogels. Similar to PLGA IPN hydrogels, the
internal structure of PLA IPN hydrogels can also be seen as closed cells, and their
compressive modulus can be described by equation(3.17). Thus the higher the polymer
volume fraction ¢,, the higher the modulus. PLGA and PLA have similar properties and
Figure 4.19 plots the modulus E as a function of polymer volume fraction of PLGA or

PLA in the hydrogels. PLGA IPN and PLA IPN were plotted together to increase the
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statistically accuracy. As can be seen from Figure 4.19, E fits in a power law
relationship with ¢, with the exponent of 3.2. This exponent corresponds to the first
term in equation(3.17) showing the contribution of cell wall bending to the overall
modulus. The fact that E can be adequately described by the cube of ¢, indicates that
cell wall bending might be the main contribution to the overall elastic modulus. It has
been shown in Chapter 3 that E of PLGA IPN can be adequately described by ¢,
square, which corresponds to cell edge bending. Thus cell wall and edge bending may
be the main contribution to the modulus of these hydrogels. But still, it should be noted
that more samples and tests are needed for a more complete modelling and a more
accurate result. Also, the cell wall modulus Es, of PLA IPN, is also changing with PLA

weight fraction.

Modulus E as a function of ¢

E (10° Pa)

Polymer Volume Fraction (%)

T3 20 25 30 35 40 45 50 55

Figure 4.19 Compressive modulus E as a function of polymer volume fraction ¢

The normalized modulus is shown in Table 4.5. Eq is E divided by density of the

swollen hydrogels, and Enis E times (1 —¢;).
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Table 4.5 Normalized modulus of PLA IPN hydrogels

PLA
weight 5 ) 1 5
faction E( 10° Pa) | Density(g/cm®) | Ea(10"'N/g) R En (105 Pa)

(%)

0 0.32 1.19 0.27 0.16 0.27
28.6 0.67(+109%) 1.24 0.54(+100%) | 0.28 | 0.48(+77.8%)
49.7 | 1.57(+134%) 1.30 1.21(+124%) | 0.44 | 0.88(+83.3%)
718 | 5.2(+231%) 1.37 3.80(+214%) | 0.54 | 2.4(+172.7%)

The same as for PLGA IPN, the normalization by density and polymer volume fraction
both help reduce the increase percent of the compressive modulus with increased PLA
weight fraction. At similar weight fraction, PLA IPN shows a similar modulus value as
PLGA IPN.

As can be seen from equation(3.17), E is also determined by Es, the modulus of the cell
wall solid material. And for PLA IPN, it stands for the modulus of the IPN networks
consisting of VP/MMA and PLA. Bulk PLGA and PLA show similar modulus around
2GPa, with PLA exhibiting a slightly higher value[153]. Generally PLA shows a higher
modulus than PLGA because the formation of PLGA copolymer disrupts the crystalline
phases, leading to a lower modulus than PGA or PLA alone[215]. Also PLA is more
hydrophobic than PLGA, leading to a stronger hydrophobic bonding, which increases
the physical crosslinking and leads to a higher Es. Thus Es of PLA IPN is supposed to
be higher than that of PLGA IPN. And according to equation(3.17), E of PLA IPN is
then supposed to be higher than PLGA IPN at the same ¢.. However, E of PLGA IPN
and PLA IPN show similar values at similar ¢,. This could be attributed to the way of
incorporating PLGA or PLA networks during the preparation of the IPN hydrogels.
PLGA or PLA network is introduced into the VP/MMA network through solvent
absorption. As has been discussed, DCM cannot be fully extracted during the drying
process because of the fragile nature of the hydrogels. Thus the PLGA or PLA network
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existing in the dry IPN gels is probably still in a half-dry state. The plasticizing effect of
DCM will largely decrease the modulus of bulk PLGA or PLA and bring them to a
similar value. Thus Es of PLGA IPN and PLA IPN may be quite similar. The half-dry
state of PLGA and PLA is the reason that the bulk modulus of PLGA or PLA cannot be
used in the modelling. The modulus of PLGA or PLA in the cell walls of the hydrogels

could be quite different from their reported values because of the plasticizing effect of

DCM.
Table 4.6 Normalized modulus of PCLIPN
PCL weight 5 . 3 q 5
fraction(%) E( 10° Pa) | Density(g/cn’) | Es(10"'N/g) Qs En ( 10° Pa)
23 6.2 1.17 5.30 0.33 4.2

PCL semi-IPN shows a much higher compressive modulus than VP/MMA, at a low
PCL weight fraction (around 23%). Table 4.6 shows that after normalization by density
or ¢, the modulus of PCL semi-IPN is still much higher than PLGA IPN and PLGA
IPN, at similar weight fraction. PCL has no functional groups to be crosslinked, and no
crosslinker is added during the preparation. Thus the higher E cannot be a result of
increased crosslinker content. PCL is a semicrystalline polymer with a glass transition
temperature of -61°C, which means it has much higher chain mobility at the
experimental temperature than PLGA and PLA[216]. Bulk PCL is also reported to have
a lower modulus than PLGA or PLA, around 300MPa[217]. This means the modulus of
the cell wall material, Es of PCL semi-IPN is also supposed to be lower than that of
PLGA IPN or PLA IPN at the similar weight fraction in the hydrogels. Thus a lower E
of PCL semi-IPN is expected at the same weight fraction. However, it shows a higher
compressive modulus, even higher than PLGA IPN or PLA IPN with higher ¢.. Thus Es
of PCL semi-IPN is actually higher than that of PLGA IPN or PLA IPN. This could be
attributed to one or any combinations of the following reasons:

1. The high molecular weight of PCL (45kDa) which promotes physical
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entanglements of the polymer chains, resulting in lower strain under the same
stress and a higher Es.
2. PCL is more hydrophobic than PLGA and PLA (see section 4.1), thus may
create stronger hydrophobic bonding, resulting in a stiffer network.
3. The preparation process of PCL semi-IPN was done in an anhydrous state. Thus
unlike PLGA and PLA IPN, it should not have any residue solvent(like DCM in
PLGA IPN and PLA IPN) that could act as a plasticizer. Thus chain mobility is
more restricted, which leads to a higher Es.
Tg of the secondary polymer network does not seem to have much effect on the
mechanical properties of the IPN hydrogels. The hydrophobicity and the polymer
volume fraction of the secondary network, and the modulus of the cell wall material Es
are playing a much more prominent role in determining the compressive modulus of the

IPN hydrogels.

4.5.3 Scanning Electron Microscopy

Compact structures with rough surfaces were detected for PLGA IPN, PLA IPN and
PCL semi-IPN. For PLA IPN, a porous network was detected under low PLA weight
fraction(30% and 50%)(Figure 4.11 and 4.12). The aggregates on the surfaces were
more packed as PLA weight fraction increased. Those aggregates are believed to be
crosslinked PLA domains and as PLA weight fraction increases, there are more and
larger aggregates with irregular shapes. Those aggregates are formed on the surfaces of
the pores and are responsible for the surface roughness. In a similar manner to PLGA
IPN, it can be speculated that the functionalized PLA monomer was absorbed into the
network of VP/MMA through solvent absorption, then an in situ polymerization was
carried out in the presence of the crosslinker and the initiator. Because of the difference

of microenvironments and the immiscibility between PLA and VP/MMA, PLA

126



polymerized on the surface of the VP/MM A porous network, and formed domains with
variable sizes and shapes.

Figure 4.11-4.13 show an increase in the size of aggregates and compactness in the
structure, corresponding to a higher polymer volume fraction of the hydrogel with
increased PLA weight fraction.

It is difficult to assign a specific pore size because some pores appear as a collapsed or
closed shell that may or may not have been cut or distorted during specimen preparation
or freeze-drying. Thus there appears to be a wide range ofpore sizes and this could be a
result of inhomogeneity of the hydrogel where polymer is more concentrated than the
others. Overall though, the pore size of PLGA IPN and PLA IPN are broadly similar.
However, it is obvious that PCL semi-IPN has more compact structure and much fewer
and smaller pores than PLGA IPN and PLA IPN at the similar weight fraction, which

indicates a higher polymer volume fraction at the fully swollen state.

454 Swelling Behaviour

45.4.1 Diffusion Mechanism and Structure Characterization Parameters

The water diffusion mechanism of PLA IPN and PCL semi-IPN are determined the
same way as described in Section 3.4.5. Figure 4.20 shows the water uptake(M,/M,) of
PLA IPN and PCL semi-IPN as a function of time and their diffusion exponents as
calculated using equation(4.3), where M, is the water uptake at time t and M, is the
water uptake at the equilibrium state, k is a constant and n is the diffusion exponent.

The diffusion exponents are summarized in Table 4.7, n comparison to PLGA IPN.

My

v kt" (4.3)
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Figure 4.20 Water uptake of PLA IPN and PCL semi-IPN as a function of time

Table 4.7 Diffusion Exponents and Mechanism of PLGA IPN, PLA IPN and PCL semi-IPN

Secondary Polymer Weight Diffusion Exponent Diffusion Mechanism
Fraction n

0 0.72 Anomalous
25.1% PLGA 0.47 Fickian
43.9% PLGA 0.51 Fickian

62.8% PLGA 0.64 Anomalous
28.6% PLA 0.47 Fickian

49.7% PLA 0.56 Anomalous

71.8% PLA 0.78 Anomalous

22.9% PCL 0.73 Anomalous

As can be seen from Table 4.7, PLGA IPN and PLA IPN both transfer from Fickian
diffusion to anomalous diffusion as their weight fraction increases. 43.9%PLGA IPN
shows n 0f0.51 and 49.7%PLA IPN shows that 0f0.56. Thus it can be interpolated that
at PLGA or PLA weight fraction higher than 45%, the polymer chains will not be
sufficiently mobile to permit immediate penetration of water molecules into the
hydrogel network. The water diffusion rate and the polymer relaxation rate will be
comparable and both control the swelling. For PCL semi-IPN, it already exhibits
anomalous diffusion ata low PCL weight fraction of 22.9%.

Diffusion coefficients D were calculated the same way as described in Section 3.4.5.

Table 4.8 summarized D values calculated using equation (4.4).

=2 Pt (4.4)
s

128



PLGA and PLA IPN show decreased D with increased PLGA or PLA weight fraction.
At similar weight fraction, PLA IPN shows a lower D than PLGA IPN, while PCL
semi-IPN shows the lowest D. This corroborates the hydrophobicity order: PLGA <
PLA < PClL(see section 4.1). At similar weight fraction, the more hydrophobic the
secondary polymer, the less hydrophilic bonding sites are available for water molecules
and the stronger the steric hindrance of hydrophobic components preventing water
molecules from bonding with hydrophilic components. This leads to the decrease in the
diffuision coefficient.

Table 4.8 Diffusion Coefficient of VP/MMA, PLGA IPN, PLA IPN, and PCL semi-IPN

Diffusion Coefficient D (cm?/s)

VP/MMA 2.46x10°
25.1% PLGA 1.13x107°
43.9% PLGA 7.54x10°7
62.8% PLGA 3.08%x108
28.6% PLA 7.85x10°7
49.7% PLA 2.98%107
71.8% PLA 3.01x10°
22.9% PCL 1.05x108

Table 4.9 Structure characterization parameter of PLGA, PLA IPN hydrogels and PCL semi-IPN hydrogel
Secondary
Polymer 0 PLGA | PLGA | PLGA | PLA PLA PLA PCL
Weight 25.1% | 43.9% | 62.8% | 28.6% | 49.7% | 71.8% | 22.9%
Fraction
E( 10° Pa) 0.32 0.88 1.44 2.28 0.67 1.57 5.2 6.2
Qs 1/3 0.54 0.63 0.69 0.75 0.65 0.76 0.82 0.69
Y, (mol/m?) 24.3 57.4 85.7 124.8 42.3 84.8 260.4 | 369.0
Qs 0.16 0.25 0.33 0.42 0.28 0.44 0.54 0.33
X 0.56 0.60 0.64 0.70 0.61 0.70 0.81 0.63

Table 4.9 summarizes the structure characterization parameters calculated the same way
as described in Section 3.4.5. y, is the effective crosslinking density. ¢, is the polymer
volume fraction. y is the Flory-Huggins interaction parameter. E is the modulus of the
swollen hydrogel. As can be seen from Table 4.9, y is increasing with increasing

secondary polymer weight fraction, verifying the increased hydrophobicity. At similar
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weight fraction, PLA IPN shows a slightly higher y than PLGA IPN. 22.9%PCL semi-
IPN has a y value of 0.65, higher than 25.1%PLGA, 43.9%PLGA, and 28.6%PLA
IPN, demonstrating higher hydrophobicity. This is in consistence with the reported
hydrophobicity order of PLGA < PLA < PCL(see section 4.1).

The increase in effective crosslinking density y, can be a result of increased crosslinker
content[49, 78] or increased weight fraction of the relatively more hydrophobic
component[28, 78]. As has been stated above, for PLGA IPN and PLA IPN, crosslinker
content stays fixed. And PCL is not even crosslinked in the hydrogel network, yet it
shows a y, value of 369mol/m®, even higher than 62.8%PLGA and 49.7%PLA IPN.
This demonstrates significantly stronger physical crosslinking in PCL semi-IPN, which
could be a result of the higher molecular weight of PCL, leading to a higher level of
entanglements, or a stronger hydrophobic bonding forming more hydrophobic
aggregates acting as physical crosslinks.

The effective crosslinking density has been widely reported to be linked with the
compressive modulus of a hydrogel[38, 39, 49]. Figure 4.21 shows that E increases

almost linearly with the corresponding ¥, .
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Figure 4.21 Compressive modulus as a function of effective crosslinking density
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4.5.4.2 The effect of T,, hydrophobicity, and crosslinker content on the swelling

behaviour

For each individual case of PLGA IPN, PLA IPN and PCL semi-IPN, it has already
been shown(Table 3.2, Table 4.3, Table 4.4) that the initial swelling rate(Ri),
equilibrium swelling ratio(Q«) and swelling period(Te) depend on the weight fraction of
the secondary polymer network.

Here we look at IPN hydrogels with different secondary polymer networks when their
weight fractions are similar in the IPN system. Figure 4.22-4.24 shows the initial
swelling rate(Rj), equilibrium swelling ratio(Q«) and swelling period(Te) as a function
of Tg, water contact angle, and crosslinker content of the secondary polymer network,
respectively. It can be seen from Figure 4.22-4.24 that Ri, Qw, Te show no dependence
on Ty or crosslinker content, but they are linked with the water contact angle of the
secondary polymer network. Ri and Q« decreases, while Te increases with increase in
water contact angle.

Thus it can be concluded that the hydrophobicity (water contact angle) of the secondary
polymer network is the dominant parameter affecting the swelling behaviour of IPN and
semi-IPN hydrogels. The swelling behaviour does not depend on the Tz of the
secondary polymer network, nor does the compressive modulus of swollen hydrogels
(see Section 4.5.2). Also, the swelling behaviour does not depend on the chemical

crosslinking condition of secondary polymer network, whether it is crosslinked or not.
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Figure 4.22 Initial swelling rate as a function of Tg, water contact angle and crosslinker content of

secondary polymer network
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Figure 4.23 Equilibrium swelling ratio as a function of Tg, water contact angle and crosslinker content of
secondary polymer network
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Figure 4.24 Swelling period as a function of Tg, water contact angle and crosslinker content of secondary
polymer network

45.5 What controls the swelling behaviour?
It has been shown above that the initial swelling rate(Ri), equilibrium swelling ratio(Qw)
and swelling period(Te) all scale with the water contact angle and the weight fraction of
the secondary polymer network. Figure 4.25 summarizes the values of Ri, Q«, and T as
a function of the water contact angle and the weight fraction of the secondary polymer
network. Two major observations can be read from Figure 4.25:
1. For a fixed kind of secondary polymer, Ri and Q« decrease, while Te increases
with the increase in its weight fraction.
2. At similar weight fractions, secondary polymer network with higher water
contact angle leads to lower Rjand Qw, while higher Te
Overall, at similar weight fraction, PCL semi-IPN exhibits the lowest Ri, lowest Q«, and
longest Te. While PLGA IPN shows the highest R;, highest Q- and shortest Te. PLA IPN
exhibits the intermediate between those two. This verifies the reported hydrophobicity

order of PLGA < PLA < PCL(see section 4.1). PCL is the most hydrophobic of the
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three, which results in the least binding sites for water molecules and the highest steric
hindrance to prevent them from binding with hydrophilic groups. This leads to the
lowest water diffusion rate and equilibrium water content. Moreover, PCL semi-IPN
shows the highest modulus (at the similar weight fraction of PLGA or PLA), which
means the most restricted chain mobility. Thus it takes longer to let the water molecules

plasticizing in and results in an extended swelling period to reach the equilibrium state.

©2-TOPLGRAY

&
< 55
e, &F
e, i 81-82(PLA) e\:.\
&
=% £
e, &
<, 117-134(PCY) O
o,% re‘}é
“re a3

(a)

134



ume gvel" 3300

priu™ v 2068
gqU"“gg [ aas
40 J 2188

| L
0.8750

oasrs

0000

69-70(PLGA)

.
&
81-82(PLA) \c_)“q'
&
<
o
117-134(PCL) &
P
&

o ¥

18.00
25.75
33.50
41.25
48.00
56.75
64.50
72.25
80.00

-134(PCL)
117 {! s
&

2 o &‘B’

(©

Figure 4.25 The (a) initial swelling rate (b) equilibrium swelling ratio (c) swelling period as a function of the
water contact angle and weight fraction of the secondary polymer network

135



4.6 Summary
PLA TIPN and PCL semi-IPN hydrogels have been successfully prepared in this chapter
and their swelling behaviour, mechanical properties, glass transition temperature and
mnternal morphology have been studied and compared with those of PLGA IPN.
PLA IPN and PCL semi-IPN shows similar swelling behaviour with PLGA IPN. With
the incorporation of PLA or PCL, hydrogel shows a decreased initial swelling rate(R;),
equilibrium swelling ratio(Q«) and an increased swelling period(Te). The same as
PLGA IPN, PLA IPN and PCL semi-IPN show controlled initial swelling rate that help
avoid tissue necrosis, but the equilibrium swelling ratio is sacrificed which limits the
application of these IPN and semi-IPN hydrogels to reconstructions that only require a
small piece of grown tissue.
Increased weight fraction of PLA or PCL leads to increased polymer volume fraction,
which is responsible for the increased compressive modulus of the swollen hydrogels.
At similar weight fraction, PLGA IPN and PLA IPN show similar modulus values while
PCL semi-IPN shows a significant higher value. This is probably attributed to the
preparation method of PLGA IPN and PLA IPN, which involves DCM absorption, that
leaves PLGA and PLA in a half-dry state, and causes a significant decrease in the
modulus of the cell walls(Es).
At similar weight fraction, PCL semi-IPN shows the lowest Ri and Q«, with the highest
Te. PLGA IPN shows the highest Ri and Qw«, with the lowest Te. PLA IPN has the
intermediate values between them. This corroborates the reported hydrophobicity order
(Section 4.1) of

PLGA < PLA < PCL
PLGA, PLA and PCL vary in their glass transition temperature, which is 21°C, 33.5°C

and -60°C, respectively. They also vary in their crosslinking condition (PLGA IPN and
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PLA IPN have the same crosslinker content(0.2wt%) while PCL is not crosslinked).
However, the swelling behaviour shows no dependence on either Tg or the crosslinking
condition of the secondary polymer network. Instead, it is closely related to the
hydrophobicity (water contact angle) and weight fraction of the secondary polymer
network.

The main conclusions are:

1. When the secondary polymer network is fixed, the higher its weight fraction, the
lower the initial swelling rate and equilibrium swelling ratio, the higher the time
taken to reach equilibrium state.

2. At similar weight fraction, secondary polymer network with higher
hydrophobicity(water contact angle) exhibits lower initial swelling rate and

equilibrium swelling ratio, and higher time taken to reach equilibrium state.
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Chapter 5: IPN Hydrogel with

Alternative Primary Networks
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5 IPN hydrogels with alternative primary

networks
5.1 Introduction
While Chapter 4 investigated the alternative secondary polymer networks that can be
used with VP/MMA to create IPN or semi-IPN hydrogels, this chapter is concerned
with alternative primary networks to replace VP/MMA. The idea is to combine the
primary network with the secondary polymer network through solvent absorption. Thus,
it is crucial for the primary network to be able to swell in water as well as in at least one
organic solvent that can dissolve the hydrophobic secondary polymer network. Also, it
is important for the primary network to have both swelling capacity and mechanical
integrity at its swollen state.
The investigation of an alternative gel base starts with the polymerization of HEMA(2 -
hydroxyethyl methacrylate) hydrogel HEMA has been widely used in tissue
engineering as contact lenses[90], wound dressings[91], surgical prostheses[92]. HEM A
is preferred because of its excellent biocompatibility and similar properties to those of
living tissues[218]. However, the swelling of HEMA is low[93]. Thus HEMA can be
copolymerized with VP or sodium acrylate (SA) to increase its swelling capacity[93,
219]. This chapter looks into the following questions:

1. Is it possible to prepare bulk, crack-free HEMA, VP/HEMA, and HEMA/SA

hydrogels?
2. What’s the swelling behaviour of HEMA, VP/HEMA, and HEMA/S A and their
mechanical properties at the swollen state?
3. Is it possible to prepare IPN hydrogels with one of the above hydrogels as the

primary network and PLGA as the secondary network?
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5.2 Experimental

5.2.1 Materials

2-Hydroxyethyl = methacrylate(98%)(1.073g/ml),  vinyl-pyrrolidone(VP)(1.04g/ml),
ethylene glycol dimethacrylate(EDGMA), potassium persulfate(KPS), acrylic acid,
sodium hydroxide, dichloromethane (DCM), N,N’-Methylenebisacrylamide (BIS),
azobisisobutyronitrile (AIBN), tetrahydrofuran(THF), acetone, ethyl acetate,

polypropylene tubes(12mm*75mm) were all purchased from Sigma Aldrich.

5.2.2 Preparation of HEMA hydrogel

Crosslinked HEMA hydrogels were prepared by thermal polymerization of an aqueous
reaction mixture containing the 2-hydroxyethyl methacrylate monomer, EGDMA as the
crosslinking agent, and AIBN as the initiator[220, 221]. HEMA, EGDMA(1 wt% based
on HEMA mass), and AIBN(1wt% based on HEM A mass), were mixed together and
stirred for 1h at room temperature. The polypropylene tubes were used as the
polymerization reactors. The mixture was poured into these tubes and copolymerized
for 24 hours at 60°C. Hydrogels were obtained in the form of long cylinders and then

cut mto discs.

5.2.3 Preparation of VP/HEMA hydrogel

The copolymerization of VP/HEMA hydrogels has been widely reported[219] but few
studies are concerned with the volume swelling ratio. Mixtures of VP and HEMA in the
volume ratios of 9:1, 82, 73, 5:5 were blended under room temperature with 1wt%(of
total weight of VP and HEMA) BIS until homogeneous solution was obtained. Samples
with varied ratios of VP to HEMA will be designated as shown in Table 5.1. 1wt%
AIBN was added to the reaction mixture, which was then degassed with nitrogen to
remove any oxygen that could act as a chain-terminating agent. The reaction mixture

was poured into polypropylene tubes and polymerization was carried out at 60°C for
140



24h. Bulk hydrogels with cylinder shapes were removed from the tubes and cut into
discs. Table 5.1 shows the compositions of VP/HEMA hydrogels.

Table 5.1 Compositions of VP/HEMA hydrogels

Designation | Volume Ratio VP(ul) HEMA(ul) BIS(g) AIBN(g)
(VP-HEMA)
VP9/HEMA1 9:1 1350 150 0.0156 0.0156
VPS/HEMA2 82 1200 300 0.0156 0.0156
VP7/HEMA3 73 1050 450 0.0156 0.0156
VP5/HEMAS 5:5 750 750 0.0156 0.0156

5.2.4 Preparationof VP/HEMA-PLGA IPN hydrogel

VP7/HEMA3, VP5/HEMAS, HEMA were cut into discs of around 6mm diameter and
3mm in height. Acrylated PLGA(0.025g/ml) was dissolved in dichloromethane(DCM)
at room temperature and blended to a homogeneous solution. Each disc was added to
the solution with 0.2wt%(based on the mass of PLGA) BIS and the mixture was shaken
in a water bath at 37°C for 3 days until it reached the maximum swollen state. 0.2wt%
AIBN(based on the mass of PLGA) was added and the mixture was kept at 37°C water

bath for another 2 days. The disc was then taken out to dry in air at room temperature.

5.2.5 Preparation of HEMA/SA hydrogels

The compositions for preparing HEMA/SA hydrogels is shown in Table 5.2. SA was
obtained by neutralizing acrylic acid with an aqueous sodium hydroxide solution (1.6 -
1.7M) at room temperature. HEMA was then added to the mixture according to the
predetermined mole ratio shown in Table 5.2. 0.01g KPS and 0.01g BIS were added as
the initiator and the crosslinker, respectively. The reaction mixtures were blended at
room temperature until homogeneous solutions were obtained. They were then poured
into polypropylene tubes and polymerization was carried out under 60°C for 24h.

Cylinder hydrogels were removed from the tubes and cut into discs.
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Table 5.2 Formula for the preparation of HEMA/SA hydrogels

Sample | AA(g) | NaOH(g) | HEMA(ul) | HEMASSA | BIS(g) | KPS(g)
(mole ratio)
hemaSA1l | 0.475 0.264 800 1:1 0.01 0.01
hemaSA2 | 0.0475 | 0.0264 800 10:1 0.01 0.01
hemaSA3 | 0.0237 | 0.0132 800 20:1 0.01 0.01
hemaSA4 | 0.0047 | 0.0026 800 100:1 0.01 0.01

The copolymerization of HEMA/SA hydrogels has been reported but the obtained
hydrogels contain cracks[222]. For the preparation of bulk, crack-free HEMA/SA

hydrogels, several crosslinker and initiator combinations were tried as shown in Table

5.3.
Table 5.3 Combinations of crosslinker and initiator for the preparation of HEMA/SA bulk hydrogels
Crosslinker Initiator
Combination 1 EGDMA AIBN
Combination 2 BIS AIBN
Combination 3 BIS KPS

5.3 Characterization

5.3.1 Compression Test

The same as described in Section 3.2.6, the compression tests were performed on the
fully swollen samples using a Perkins Elmer DMA 7e¢ dynamic mechanical analyser.
The compression rate was 100mN/min and the maximum load was 6000mN.
Compressive modulus E is calculated as the gradient of the curve in the strain range of
12%-14%.

5.3.2 Scanning Electron Microscope

Microstructure of fully swollen VP/HEMA and HEMA/SA hydrogels were studied
using field emission scanning electron microscope(Zeiss Nvision 40). Freeze-dried
samples were mounted on a double sided tape on aluminium spin stubs and sputter
coated with gold using E5400 Sputter Coater(Bio-Rad, Polaron Division). SEM images
were recorded under the accelerating voltage of 2kV and 0.2K-6k magnification.
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Porosity was determined using ImageJ. For each sample, three sections were chosen
and the porosity values were determined by Image]. The mean porosity was then

calculated.

5.3.3 Swelling Behaviour

Swelling behaviour tests were performed the same way as described in Section 3.2.9.
All the experiments were performed in triplicate and the average value was calculated.
The distilled water was replaced daily. The initial volume swelling rate(Ri), equilibrium
swelling ratio(Qw»), and equilibrium water content((EWC) of hydrogels were
characterized exactly the same way as described in Section 3.2.9.

The porosity at equilibrium swelling state can be calculated from the swelling data
using equation(5.1)[223], where M, and M, are the masses of hydrogel before
immersion and at equilibrium state, respectively, p is the density of distilled water and

Vis the volume of hydrogel:

Porosity = % x 100% (5.1

5.4 Results

54.1 Compression Test
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Figure 5.1 Stress-Strain curve of the swollen HEMA, VP7/HEMA3, VP5/HEMAS and VP/MMA hydrogel

Figure 5.1 shows the stress-strain curve of the swollen HEMA and VP/HEMA
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hydrogels, in comparison with VP/MMA hydrogel. E values are shown in Table 5.4.

Table 5.4 Compressive modulus of HEMA, VP/HEMA and VP/MMA hydrogels (NA: not available, hydrogel

fractured during expansion)
Compressive Modulus E (10°Pa)

VP/MMA 0.32

VP9/HEMAI1 NA

VP8/HEMA2 NA

VP7/HEMA3 3.2

VP5/HEMAS 3.6

HEMA 5.45

It can be seen from Table 5.4 that HEMA and VP/HEMA hydrogels show a higher
compressive modulus compared to VP/MMA hydrogel. HEMA hydrogel shows the
highest compressive modulus of 5.45Xx10°Pa, and the increase in VP content decreases

the compressive modulus of VP/HEMA hydrogels.
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Figure 5.2 Stress-Strain curves of HEMA/SA hydrogels

Table 5.5 Compressive modulus of HEMA/SA hydrogels(NA: not available, hydrogel fractured during
expansion)

Compressive Modulus E(10°Pa)
hemaSA1 NA
hemaSA2 0.83
hemaSA3 1.98
hemaSA4 4.12

Figure 5.2 shows the stress-strain curves of swollen HEMA/SA hydrogels and Table 5.5

summarizes the compressive modulus E. E decreases with increased SA content.
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5.4.2 Scanning Electron Microscopy

(c)VP7/HEMA3
Figure 5.3 SEM images of swollen hydrogel samples (a) HEMA (b) VP5/HEMAS (c) VP7/HEMA3

Figure 5.3 shows the SEM images of fully swollen hydrogel samples (a)HEMA

(b)VPS/HEMAS (c)VP7/HEMAS3. As can be seen from Figure 5.3(a), HEMA hydrogel
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shows little pores on its surface. VPS/HEMAS shows some separate small pores or
holes with around Spum in diameter. VP7/HEM A3 shows much more porosity and larger
pore sizes (10pum-100um) compared to VPS/HEMAS and HEMA hydrogels.

The porosity determined using ImageJ is summarized in Table 5.6. The porosity is
increasing with increasing VP content in the hydrogels.

Table 5.6 Porosity of VP/HEMA and HEMA determined using Image)

Porosity (%)
Area 1 Area 2 Area 3 Mean
HEMA 9.7 13.2 2.2 8.4
VP5/HEMAS 7.8 15.9 18.3 14.0
VP7/HEMA3 24.3 26.0 30.6 27.0

-
d

(b) hemaSA3
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Figure 5.4 SEM images of (a) hemaSA2 (b) hemaSA3 (c) hemaSA4

(c) hemaSA4

Figure 5.4 shows the SEM images of HEMA/SA hydrogels. The pore size is increasing

with increasing SA content in the hydrogels. The pore size is not evenly distributed and

hydrogels with higher SA content show a higher proportion of interconnected pores and

a looser network.

Table 5.7 Porosity of HEMA/SA hydrogels determined using Image)

Porosity (%)

Area 1 Area 2 Area 3 Mean
hemaSA2 55.5 60.8 58.9 58.4
hemaSA3 37.1 38.2 41.2 38.8
hemaSA4 17.1 12.7 8.6 12.8

Table 5.7 summarizes the porosity of HEMA/SA hydrogels determined using Imagel.

The porosity is increasing with SA content in the hydrogels.
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54.3 Swelling Behaviour
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Figure 5.5 The volume swelling ratio of VP/MMA, HEMA and VP-HEMA hydrogels as a function of time

Table 5.8 Initial Volume Swelling Rate of VP/MMA and VP/HEMA hydrogels

Initial Swelling Equilibrium Swelling o

Rate(%/h) Ratio(100%) EWC()
VP/MMA 96.0 5.5 85.6
VP7/HEMA3 26.4 1.8 64.3
VP5/HEMAS 15.9 1.2 53.8
HEMA 4.00 0.3 32.4

Figure 5.5 shows the volume swelling ratio as a function of time for HEMA and
VP/HEMA, in comparison to VP/MMA. The initial swelling rate Ri, equilibrium
swelling ratio Q. and EWC of the hydrogels is summarized in Table 5.8. VP/HEMA
hydrogels show a higher Ri and Q,, with higher VP content. Ri of VP/HEMA is far less
than that of VP/MMA. VP7/HEMAS3 has a Ri 0f26.4% per hour, which is only around
25% of that of VP/MMA, and VP5/HEMAS of 15.9% per hour, HEMA only of 4% per
hour. EWC increases with ncreased VP content in the VP/HEMA hydrogels.

The swelling curves of VP9/HEMAI, and VP8/HEMA?2 are not shown in Figure 5.5
because they all collapsed during expansion and broke into pieces. The swollen state of
these hydrogels is shown in Figure 5.6 below. VP9/HEMAI and VP§/HEMA2 have
collapsed and lost their shape during expansion although they expanded to a larger size
than VP7/HEMA3, VP5/HEMAS and HEMA hydrogels. It can also be seen that the

swollen size of VP/HEMA hydrogels is increasing with increasing VP content.
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Figure 5.6 Swollen state of VP/HEMA and HEMA hydrogels
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Among VP/HEMA hydrogels, the one with the highest swelling capacity without losing
its mechanical integrity during expansion is VP7/HEMA3, which can swell up to 2.8
times its original size and maintain its original shape at the same time. Thus
VP7/HEMA3 was tried first as the primary network to prepare IPN hydrogel with
PLGA. VP7/HEMA3 hydrogel did swell in dichloromethane but when it was taken out

to dry, it tended to form cracks on the surface upon contact with the air. The formation

of cracks on the surfaces is shown in Figure 5.7.

Figure 5.7 Crack formations on the surfaces of VP7/HEMA3 hydrogel after having been immersed in DCM
for 3 days

HEMA/SA hydrogel was prepared with different crosslinker and initiator combinations

illustrated in Table 5.3 for the successful preparation of bulk, crack-free hydrogels.
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Figure 5.8 shows the appearance of the bulk hydrogels prepared using the 3

combinations described in Table 5.3.

EGDM A+AIBN BIS+AIBN BIS+KPS

Figure 5.8 Appearance of HEMA/SA hydrogels using crosslinker and initiator combinations shown in Table
5.3

Combination 1 (EGDMA+AIBN) and combination 2 (BIS+AIBN) produced cracks and
small bubbles, while combination 3 (BIS+KPS) produces homogeneous, crack-free

hydrogel. Thus BIS and KPS is chosen as the crosslinker and initiator to prepare bulk

HEMA/SA hydrogels.
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Figure 5.9 Swelling behaviour of HEMA/SA and VP/MMA hydrogels
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Table 5.9 Initial Swelling Rate and EWC of HEMA/SA hydrogels

. Equilibrium
Volume Sweling Swelling Ratio EWC/(%)
Rate(%/h) 106%
hemaSAL 1050 47 968
hemaSA2 1557 2.5 91.9
hemaSA3 376 38 79.6
hemaSA4 56 1.0 441

Figure 5.9 shows the swelling behaviour of HEM A/S A hydrogels with varied monomer
ratios in distilled water and Table 5.9 summarizes the initial swelling rate, equilibrium
swelling ratio and EWC of those hydrogels. The swelling curve of VP/MMA is also
plotted as a comparison. HEMA/SA hydrogel exhibits increased Ri, Q,, and EWC with
increased SA content.

Samples all maintained their mechanical integrity during expansion except for
hemaSA1 (HEMA: SA 1:1), which started to collapse after 2h in distilled water as
shown in Figure 5.10. The measurements of diameter and height were done on the
remaining edges of the collapsing sample so the plotted swelling ratio might be smaller

than the actual swelling ratio.

Figure 5.10 Collapsed hemaAAl (HEMA: SA 1:1) hydrogel during expansion

5.5 Discussion
5.5.1 Compression Test

The compressive modulus E of swollen VP7/HEMA3, VP5/HEMAS and HEMA all
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shows a higher value than that of VP/MMA (see Table 5.4). E is increasing with
increasing HEMA content in the hydrogel, with HEMA having the highest value of
5.45% 10°Pa.

As has been stated in Section 3.4.2, first of all the influence of polymer volume fraction
of the hydrogel needs to be taken into consideration. A higher HEMA content results in
a higher polymer volume fraction ¢,. According Gibson and Ashby, E increases with ¢

both in an open cell structure and a closed one[185]. The normalized modulus is shown

in Table 5.10. Eq is E divided by density of the swollen hydrogels, and Ex is E times (1

@)
Table 5.10 Normalized modulus of VP/HEMA and HEMA hydrogels
E( 10° Pa) | Density(g/cm?®) | Ea(10"'N/g) ®, En (10° Pa)
VP7/HEMA3 3.2 1.16 2.76 34.8% 2.08
VP5/HEMAS 3.6 1.23 2.93 45.2% 1.97
HEMA 5.45 1.31 4.16 74.2% 1.41

The compressive modulus is still increasing with increasing HEMA content after
normalization by density, but is decreasing after normalization by polymer volume
fraction. This means the increase in ¢, with increased HEMA content is largely
responsible for the increased modulus of the hydrogel

The increasing in E with increasing HEM A content has been reported in VP/HEMA
hydrogels[78]. The contact angle of PHEMA hydrogel has been tested to be around
60°[42], which makes it less hydrophilic than VP. Thus in VP/HEMA hydrogels,
HEMA is the hydrophobic component and VP is the hydrophilic component. Thus the
more HEMA in the hydrogels, the less binding sites for the water molecules which act
as plasticizers. The hydrophobic bonding in HEMA hydrogels has been reported, which
may be localized between the a-methyl groups of the repeating units[224]. These
hydrophobic bondings act as physical crosslinks, contributing to the effective

crosslinking density and hence the elastic modulus[225]. Thus a higher HEM A content
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may create more hydrophobic bonding in the hydrogels, increasing the energy needed

for chain mobility. The increased effective crosslinking density will be shown in Table

5.14.
Table 5.11 Normalized modulus of HEMA/SA hydrogels
E( 10° Pa) | Density(g/crt) | Es(10"'N/g) o, Ea ( 10° Pa)
hemaSA2 0.83 1.21 0.68 7.5% 0.77
hemaSA3 1.98 1.22 1.62 20.5% 1.57
hemaSA4 4.12 1.38 2.99 54% 1.89

The compressive modulus of HEMA/SA is increasing with increasing HEMA content,
but is largely offset by normalization by the relative density(polymer volume fraction),
as shown in Table 5.11. Thus similar as VP/HEMA hydrogels, the increased polymer
volume fraction is largely responsible for the increased modulus.

As can be seen from

Figure 5.4, increasing SA content creates more open and interconnected cells in the
hydrogel at the equilibrium state. The structure of HEM A/S A hydogels can be analysed
as an open-cell foam. For an open cell foam, cell edge bending is the main contribution
for the elastic modulus. The modulus can described in equation(5.2), where Es is the
modulus of the cell edge solid material, C1 is the constant, ¢ is the polymer volume

fraction.

E
Z C1‘Psz (5.2)

S

As HEMA content increases, ¢, increases as can be seen from Table 5.11. Thus E is increasing with HEMA
content. However, as has been discussed in Chapter 3, the modulus of the cell wall material, Es, is also a
variable here. According to the hydrophobic bonding theory discussed above, more HEMA may create
more hydrophobic bonding that contributes to a higher Es. Thus altogether, a higher ¢, and a higher Es

result in a higher E with HEMA content. It can be noted in

Figure 5.4(a) that even the cell edges of hemaSA2 is highly porous. The pores in the

cell edges will largely decrease its resistance to elastic bending, leading to a lower
modulus.
Sodium acrylate offers a higher affinity for water molecules because of the dissociated

ions which increase the osmotic pressure in distilled water (will be further discussed in
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5.5.3). Thus a higher SA content results in a higher EWC and more water molecules
acting as a plasticizer, reducing the energy needed to promote chain mobility. Using
sodium acrylate to create super-absorbent hydrogels has been widely reported, but the
increase in swelling ratio all comes at the expense of the mechanical properties. For
example, HEMA-sodium acrylate hydrogels were prepared and showed a higher
mechanical strength with higher HEMA content but lower swelling[93]. It remains a
problem to find the right balance between the swelling capacity and mechanical
strength of hydrogels, especially for use as tissue expanders where both swelling

capacity and mechanical strength are required.

5.5.2 Scanning Electron Microscopy

As can be seen from Figure 5.3(a), HEMA shows little porosity at the swollen state.
With the increase in VP content, the morphology of the swollen VP/HEMA hydrogel
shows higher porosity and an enlarged pore size. The porosity can be determined by
ImageJ as shown in Table 5.6 and 5.7. The porosity can also be calculated from the
swelling data using equation (5.1). Porosity values derived using those two methods are

summarized i Table 5.12.

Table 5.12 Porosity of VP/HEMA hydrogels

Porosity (%)
Imagel From swelling data
HEMA 8.4 42 .4
VP5/HEMAS 14.0 66.7
VP7/HEMA3 27.0 76.1

The porosity calculated from both methods increases with increased VP content.
However, the values determined from ImageJ are significantly smaller than those
calculated from the swelling data. The reason could be the limitation of Image J which
can only detect pore sizes in a certain range. However, the difference between those two

methods is significant, indicating the existence of interconnected pores inside the
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hydrogel matrix which were not fully observed on the surfaces under SEM.
Determination of the porosity of hydrogels with interconnected structure is more
complicated, requiring the technique of mercury intrusion porosimetry[226] or
computer algorithm[227].

Table 5.13 summarizes the porosity of HEMA/S A hydrogels obtained using ImageJ and
equation (5.1). Porosity determined using ImageJ is again much smaller than that from
the swelling data, ndicating the existence of interconnected pores as stated above.

Table 5.13 Porosity of HEMA/SA hydrogels

Porosity(%)
Image] From swelling data
hemaSA2 58.4 99.9
hemaSA3 38.8 97.8
hemaSA4 12.8 60.9

The change in porosity between hemaSA2, hemaSA3 and hemaSA4 corresponds to
their morphology change under SEM (see Figure 5.4). The porosity of a hydrogel can
be affected by various reasons, including the preparation method[228], crosslinker
concent[229] and monomer ratio[42]. In this study, the preparation method and
crosslinker concent remain the same for VP/HEM A and HEMA/SA hydrogels. Thus the
porosity difference is a result of different monomer ratios. As has been discussed in
Section 2.2.4, when water molecules enter a hydrogel network, they firstly form bound
water with the polar groups of the polymer chains, then form freezing bound water and
finally exist as free water after bound and freezing bound water have reached their
maximum contents[27]. The more hydrophilic the polymer network, the more free
water it absorbs[28]. Higher VP or SA content leads to higher hydrophilicity of the
hydrogel network, providing more binding sites for water molecules and attracting more
to reside in as free water, resulting in a higher equilibrium water content. Moreover,
ydrogels with a higher content of hydrophilic component has been widely reported to

facilitate the formation of porous network with more interconnected pores or channels
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[42, 230, 231]. And more hydrophilic networks tend to form porous network faster upon
contact with solvents, which contributes to their rapid solvent uptake at the initial
stage[231].
5.5.3 Swelling Behaviour
It is clear that HEMA hydrogel has a low swelling and thus it needs to be
copolymerized with VP and SA. HEMA shows a low equilibrium swelling ratio of 0.3,
which is inadequate in swelling capacity as a tissue expander although it maintains the
mechanical integrity during expansion. EWC of HEMA hydrogel is 32.4%, which is
consistent with the reported value[95]. The contact angle of PHEMA hydrogel has been
tested to be around 60°[42], which makes it less hydrophilic than VP. With the increase
of VP content in the VP/HEMA hydrogel, the equilibrium swelling ratio is increased
from 0.3 to 1.8. VP9/HEMAl and VP8/HEMA2 are supposed to have higher
equilibrium swelling ratio than 1.8 (VP7/HEMAZ3), but their low mechanical properties
lead to collapse of the gel network during expansion, as shown in Figure 5.6. The
inverse relationship between the swelling capacity and mechanical properties has been
widely reported(see Section 2.2.6), which is also demonstrated in equation(5.3). y, is
the effective crosslinking density. ¢, is the polymer volume fraction in the swollen
hydrogel. E is the elastic modulus of the swollen hydrogel, R is the universal gas
constant, T is the absolute temperature. Higher hydrophilicity leads to a higher swelling
capacity, thus a lower ¢, and a lower E.

E = RTy,¢,"* (5.3)
Water uptake (W, /W,,, W, and W, is the water uptake at time t and at equilibrium,
respectively) of VP/HEMA hydrogels as a function of time is shown in Figure 5.11. The
diffusion exponent and diffusion mechanism are calculated using equation (5.4) and

summarized in Table 5.14. k is a constant and n is the diffusion exponent.
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Figure 5.11 water uptake of VP/HEMA hydrogels as a function of time

Table 5.14 Diffusion Exponent and Diffusion Mechanism of VP/HEMA hydrogels
Diffusion Exponent n Diffusion Mechanism

HEMA 0.49 Fickian
VP5/HEMAS 0.49 Fickian
VP7/HEMA3 0.51 Fickian

It can be seen from Table 5.14 that VP7/HEMA3, VPS/HEMAS and HEMA hydrogels
all show a diffusion exponent around 0.5, indicating Fickian diffusion. The Fickian
diffusion mechanism is consistent with those reported[25, 232]. Thus the water uptake
of HEMA and VP/HEMA hydrogels are diffusion-controlled.

Table 5.15 Diffusion Coefficient of VP/HEMA hydrogels

Diffusion Coefficient(10”7 cn?/s)
HEMA 0.85
VP5/HEMAS 2.7
VP7/HEMA3 7.3

The diffusion coefficient D is calculated using equation (5.5) and shown in Table 5.15.
Increased VP content results in increased hydrophilicity and less restriction on chain
mobility which is also indicated by the decreased compressive modulus in Table 5.4.
Both lead to an increase in the diffusion coefficient. This diffusion coefficient shows

good consistence with the values reported[59].

M =22t (5.5)

M r\m
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Table 5.16 Effective Crosslinking Density and Flory-Huggins interaction parameter of VP/HEMA hydrogel

VP/MMA | VP7/HEMA3 | VP5/HEMAS | HEMA
Vo (moln?) | 243 187.8 192.8 248.7
X 0.56 0.65 0.73 1.03

Table 5.16 shows the effective crosslinking density and Flory-Huggins Interaction
Parameter calculated using equation (5.6). xy 1is the Flory-Huggins interaction

parameter. Vi is the molar volume of water, fis crosslinker functionality.

In(1—- @) + o, +x0s" +v.V (<p§ —20,f7) =0 (5.6)
As shown in Table 5.16 bothy, and ¥ are increasing with HEMA content. The
increased y verifies the increased hydrophobicity of the hydrogel, which is responsible
for the decreased diffusion coefficient. In VP/HEMA hydrogels, HEMA is playing the
role as the hydrophobic component, and reduces the available bonding sites for water
molecules and acts as steric hindrance at the same time. This slows down the swelling
rate and reduces the EWC as well The increased y, shows more physical
entanglements and hydrophobic bonding with higher HEM A content, which contributes
to the increased compressive modulus as shown in Table 5.4.
Among VP/HEMA hydrogels, VP7/HEMA3 shows the highest swelling while
maintaining its mechanical integrity. Thus VP7/HEM A3 was tried first to prepare IPN
hydrogel with PLGA, but the formation of cracks is inevitable. VPS/HEMAS and
HEMA hydrogels were both tried, but the cracks formed immediately after they were in
contact with air. The crack formation of the hydrogel may be caused by the capillary
force of the solvent present in the pores on pore walls of the hydrogel network. There is
a distinct critical surface tension of the solvent causing fractures and cracks in the gel.
When a wet gel is taken out of the solvent to dry, solvent at the surface evaporates and
the solvent front appears at the surface layer of the gel body. Zarzycki et al[233]

considered that the cracks or fracture occur in drying gels when the capillary force
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exerted by the pore liquid to the pore wall exceeds the strength of the gel network. If the
fine pores are regarded as capillaries of diameter D, the solvent with surface tension y
causes the capillary force AP defined in equation (5.7), where 6 is the contact angle

between the capillary wall and the solvent:

AP = 2T (5.7)

When a wet gel is taken out to dry, the solvent on the surface layer evaporates, and
accordingly, the surface layer of the gel body tends to shrink, inducing the tensile stress
in the surface layer, while the inner layer does not shrink. This results in crack or
fracture formation when the stress exceeds the strength of the gel Thus, to avoid
crackles, one has to suppress the capillary force acting on the walls of the pore in a wet
gel body or increase the mechanical strength of the wet gel. The former can be achieved
when the drying is carried out under supercritical condition (pressure or
temperatures)[234] and the latter can be achieved by changing the chemical structure of
the hydrogel Further work is not discussed here because even for VP7/HEMA3
hydrogel, the equilibrium swelling ratio is only 1.8, and with the incorporation of
PLGA, there will be even less swelling. This might not meet the requirements of
swelling capacity as tissue expanders.

For the preparation of crack-free bulk HEMA/SA hydrogel, three combinations of
crosslinker and initiator were investigated and the results are shown in Figure 5.8.
Combination 1 and combination 2 turned out to be unsuccessful. The polymerization of
HEMA and SA was performed in distilled water, thus a water-soluble initiator such as
potassium sulfate(K2S20g8) proved to be more suitable than insoluble AIBN.
Combination 3 was found to be successful in producing crack-free hydrogels.
HEMA/SA hydrogels show much higher swelling capacities than VP/MMA and

VP/HEMA hydrogels and the swelling ratio is increasing with SA content. The higher
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the SA content, the stronger the affinity of the gels for water. The water contact angle of
HEMA/SA hydrogel was tested and shown to increase with increased HEM A content in
the hydrogels[222]. This demonstrates that HEMA/SA hydrogels with higher SA
content are more hydrophilic.

SA(sodium acrylate) is the neutralized product of poly(acrylic acid) and has been
widely used to make superabsorbent polymers or hydrogels[100, 222]. SA based
copolymers are one of the major class of ionic polymers, or polyelectrolyte gels with
charge covalently bonded to the polymer chain. They can swell much more than HEM A
hydrogel because of the dissociated counterions(-COO", Na®) which increase the
osmotic pressure.

When HEMA/SA hydrogel is immersed in water, it dissociates into negative
carboxylate groups and positive sodium ions. Figure 5.12 shows the schematic of
HEMA/SA hydrogels in distilled water. The polymer chains in a hydrogel usually exist
in the shape of randomly coiled molecules. In HEMA/SA hydrogels, the electrostatic
repulsion between adjacent negative charges(-COO") uncoils the polymer chains and
expands the network. Upon contact with water the sodium ions are hydrated, which
reduces their attraction to the carboxylate ions due to the high dielectric constant of
water. They are able to move freely within the network, but cannot escape outside the
gel due to the condition of overall electrical neutrality. As a result, the concentration
difference of Na* within the gel and the outer solution (water) creates the additional

osmotic pressure.
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Figure 5.12 Schematic of HEMA/SA hydrogel network in distilled water

Table 5.17 shows the diffusion exponent, diffusion mechanism and diffusion coefficient
of HEMA/SA hydrogels calculated using equation(5.3) and (5.4). hemaSAl shows a
diffusion exponent of 1, indicating Case II diffusion. hemaSA2-4 show the diffusion
exponent in the range of 0.5-1, indicating anomalous diffusion. Diffusion exponent is
shown to increase with SA content in the hydrogels. The diffusion exponent of hemaS A
hydrogels is in consistence with those reported for SA based superabsorbent hydrogels.
AAm(acrylamide)/SA hydrogels showed an increased diffusion exponent with
increased SA content in the range of 0.65-1.03[235]. HEMA/SA hydrogels showed a
diffusion exponent in the range of 0.72-0.86, indicating anomalous diffusion[236].
Diffusion coefficient D is also increasing with SA content in the hydrogels. The
increased D is attributed to the increased hydrophilicity brought by the dissociated ions
and higher chain mobility as indicated by the decreased compressive modulus.

Table 5.17 Diffusion exponent, diffusion mechanism, and diffusion coefficient of HEMA/SA hydrogels

Diffusion Exponent Diffusion Diffusion Coeflicient
Mechanism (1077 cm?/s)
hemaSAl 1 Case 11 21.5
hemaSA2 0.89 anomalous 154
hemaSA3 0.81 anomalous 3.6
hemaSA4 0.57 anomalous 0.64

161



Table 5.18 Effective crosslinking density y, and Flory-Huggins interaction parameter y of HEMA/SA
hydrogels(NA: not available, sample fractured during expansion)

¥, (mol/nt’) X
hemaSA1 NA NA
hemaSA2 81.2 0.45
hemaSA3 137.8 0.56
hemaSA4 208.9 0.81

Table 5.18 shows the effective crosslinking density and Flory-Huggins interaction
parameter of HEMA/SA hydrogels. As has been discussed above, the increased y, is a

result of increased hydrophobic bonding with increased HEMA content. y is shown to

increase and deviate from 0.5 with increased HEMA content, signifying the increased

hydrophobicity of the hydrogels.

'

hemaSA4 n DCM hemaSA4 in water

Figure 5.13 The swollen hemaSA3 and hemaSA4 hydrogels after being immersed in DCM and water(from
the same original size)

hemaSA2 showed no swelling in dichloromethane(DCM), making it impossible to

incorporate the secondary PLGA network to prepare IPN hydrogel This was thought to
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be the result of the high affinity of hydrophilic hemaSA2 network for polar solvents like
water but much less affinity for less-polar solvents (organic solvents). Thus, HEMA/SA
with higher HEMA content was prepared. However, for hemaSA3 and hemaSA4,
neither showed discernible swelling in DCM, as shown in Figure 5.13(all samples from
the same original size). hemaSA3 and hemaSA4 both remained their original size when
immersed in DCM. While in distilled water hemaS A3 swelled up to around 5 times its
original volume and hemaSA4 to around twice its original volume. hemaSA2-4
hydrogels were immersed in a variety of organic solvents that dissolve PLGA, including
acetone, dichloromethane, ethyl acetate, tetrahydrofuran, but none of them showed
discernible swelling in these organic solvents. The swelling of polyelectrolyte hydrogels
like hemaSA hydrogels is thought to be largely linked to the polarity of the solvent. The
dielectric constant of the experimented solvents is summarized in Table 5.19, which
shows that PLGA only dissolves in organic solvents with dielectric constant less than
21. Unfortunately none of these organic solvents serves as a good swelling medium for
HEMA/SA hydrogels.

Table 5.19 Dielectric constant of solvents used in the experiments

Solvent Dielectric Constant ¢
water 80.1
dichloromethane 8.9
ethyl acetate 6.0
tetrahydrofuran 7.6
acetone 20.7

For polyelectrolyte gels like hemaSA hydrogels, their superior swelling in polar
solvents such as water originates from the electrostatic repulsion between the charges
on the polymer chains and the osmotic imbalance between the interior and exterior of
the gels caused by freely mobile or loosely bounded counter-ions. A high swelling
degree of polyelectrolyte hydrogels has never been achieved in nonpolar organic

solvents unless the polymer chains are modified with lipophilic ionic groups[237].
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Common electrolyte gels remain a compact, dense state in less polar organic solvents
because of the formation of a higher number of aggregates of ions and ion pairs[237,
238]. In nonpolar solvents counter ions tend to be trapped and form ion pairs, while in
polar solvents they tend to form dissociated ions. In nonpolar solvent, the dissociation
of ions is completely suppressed due to the low dielectric constant of the solvent and
the ionic groups form tightly bound ion pairs. The ion pairs attract each other due to the
dipole-dipole interactions and form so-called multiplets acting as additional physical
crosslinks. A schematic of ion pair and multiplets formation in polyelectrolyte gels is
shown in Figure 5.14. Some counter ions are free, others form ion pairs marked by
dotted lines. Some of the ion pairs aggregates and from multiplets, as marked by letters

M.

Figure 5.14 lon pair and multiplets formation in polyelectrolyte gels(reproduced from[238])

Consider the situation in a salt-free solvent, there is an ion dissociation-association
equilibrium. Some of the ions are dissociated and these groups carry the charge, others
remain in the associated state, ie. corresponding counter ions are bound and form ion
pairs. The number of ion pairs u can be determined using equation (5.8)[238] where e is

the elementary charge, a is the characteristic distance between the ions in an ion pair, €
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is the dielectric constant of the solvent, k is the Boltzmann constant, and T is the

temperature.

62

u= (5.8)

- gakT

Thus for polar media like water, € is large and u is usually less than 1, which means all
the potentially charged groups are dissociated. While for non-polar media, € is small
and u > 1, which means all the counter ions form ion pairs. The formation of ion pairs
and multiplets decreases the concentration of mobile ions in the gel and the
corresponding osmotic pressure decrease, leading to the observed non-swelling in

nonpolar organic solvents.

5.6 Summary

HEMA, VP/HEMA, HEMA/SA bulk hydrogels have been successfully made with
varied monomer ratios.

HEMA shows good mechanical integrity but minimal swelling. HEMA is then
copolymerized with VP and SA for higher swelling capacity but it comes at the expense
of mechanical integrity during expansion.

VP7/HEMA3 shows the highest swelling in VP/HEMA hydrogels without losing its
mechanical integrity. It is then prepared with PLGA to form IPN hydrogels. However,
the capillary force caused during solvent evaporating exceeds the limit of the hydrogel
strength, leading to fractures on the surfaces during the drying process. Supressing
capillary force can be realized by drying the gels under supercritical pressure or
temperature but further work is not discussed here because VP7/HEMA3 only has an
equilibrium swelling ratio of 1.8 in water, which will be less with the incorporation of
PLGA.

hemaSA2 and hemaSA3 shows good swelling capacity while maintaining their
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mechanical strength but none of them swells in organic solvents that dissolve PLGA.
hemaSA hydrogels are one of the polyelectrolyte gels and —COO™ and Na* tend to form
ion pairs and multiplets in less polar solvent instead of dissociated ions that contribute
to gel swelling. Thus HEMA/SA hydrogels are not able to incorporate PLGA through
solvent absorption.

For use as tissue expanders, hydrogels need to be able to swell to a large extent while
retaining the mechanical integrity during expansion. However, preparing hydrogel
networks with both swelling capacity and good mechanical properties remains a big
problem in the research field. And to prepare IPN hydrogels with controlled and
delayed swelling, the incorporation of a secondary, hydrophobic network is almost
inevitable. Unless the preparation process can be completed in an anhydrous state, it is
essential that primary hydrogel network is able to swell in at least one less polar solvent
that dissolves the secondary network. None of the prepared hydrogels has been
successful in preparing IPN hydrogels, but it provides the possibility of preparing
alternative bulk hydrogels as tissue expanders and suggestions for incorporating
secondary polymer network through solvent absorption. Figure 5.15 summarizes the
suggestions for choosing primary and secondary networks to prepare IPN hydrogels as
tissue expanders. Note that this is based on incorporating secondary network through
solvent absorption. If the preparation can be performed in an anhydrous state (requiring
low melting point of secondary network), there is no need for the primary network to be

able to swell in non-polar solvents.
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Figure 5.15 Suggestion for choosing primary and secondary network to prepare IPN hydrogels as tissue
expanders
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CHAPTER 6: Animal Test
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6 Animal Test

6.1 Introduction
While Chapter 3 discussed the swelling behaviour of VP/MMA-PLGA IPN hydrogel
(abbreviated as PLGA IPN) in distilled water, this chapter concerns with the swelling
behaviour of IPN hydrogel in PBS and in vivo in a sheep model. Uncoated VP/MMA
and PAA hydrogels have been shown to induce tissue necrosis in the animal study
because of their over-rapid expansion rate[99, 170]. And due to the existence of ions
and a different pH value in physiological conditions, it is expected that the expansion of
PLGA IPN would behave differently (see Section 2.2.5.4). Also, compared to laboratory
conditions, there is a limited amount of body fluids at the surgical sites available to
PLGA IPN, which might restrict its swelling. Thus it is important to test the in vivo
performance of PLGA IPN. This chapter looks into the following aspects:

1. The swelling behaviour of PLGA IPN in PBS and in vivo

2. Is it safe to use PLGA IPN in clinical surgeries?

3. Can PLGA IPN effectively induce tissue growth in vivo?

4. Does the expanded tissue have the same quality as natural skin tissue?
This chapter will demonstrate whether PLGA IPN is effective as a tissue expander in a
living mammal and also give implications for the clinical trials of the IPN hydrogels in
humans.
The structure of human skin layer has been demonstrated in Section 2.6. PLGA IPN
hydrogels are implanted on sheep limb between the subcutaneous layer and the sheep

tendon, as schematically shown in Figure 6.1.
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Figure 6.1 Schematic of PLGA IPN hydrogels implant position(between tendon and subcutaneous layer) in
sheep limb

The histology of the expanded skin tissue will be analysed to see whether the expanded
tissue has the same quality with the natural skin tissue. The thickness of the epidermis,
dermis, the orientation of collagen, and the number of fibroblasts and inflammatory
cells of the expanded tissue are compared with those of the natural skin tissue. A typical

histological section of normal human skin has been shown in Section 2.6.

6.2 Experiments and Characterization
6.2.1 Materials

Materials used to prepare PLGA IPN were exactly the same as described in Chapter

3.2.1. Phosphate Buffer Salne tablet was obtained from Sigma Aldrich.

6.2.2 In Vitro Study (Degradation Study)

30%PLGA IPN(PLGA weight fraction in dry gel around 30%) was prepared using the
materials and methods described in Chapter 3.2.3. PLGA IPNs were immersed in
PBS(phosphate buffer saline solution) which is 0.01M phosphate buffer, 0.0027M
potassium chloride, 0.137M sodium chloride, pH 7.4 at 37°C. At predetermined time

intervals, samples were taken out and measured in the diameter and height with a
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caliper(Absolute Digimatic Calier, Mitutoyo, Japan) and weighed by an electronic
balance(ABS analytical balance, Kern Scale Tehnic, UK). The initial swelling rate and
the equilibrium swelling ratio were calculated the same way as described in Section
3.2.9.

At 10 days, 20 days, 1 month, 1.5 month and 2 month after immersion in PBS, samples
were taken out to dry in the air for 3 days and then dried in the oven for another 3 days
under 40°C. After that, samples were taken out and weighed. The difference in mass
before the immersion and after predetermined time intervals was calculated. Mass loss
is calculated using equation(6.1), M, and M, refer to dry mass of PLGA IPN after
mmersion in PBS for predetermined time intervals and before immersion, respectively:

My

Mass Loss(%) = A;M‘) x 100% 6.1)
0

6.2.3 Device Sterilization
30%PLGA IPN samples were sterilized in sealed bags under y-radiation at a dose of

25kGy by Swann Morton at Oxtex.

6.2.4 In Vivo Study

The in vivo study was done with the help of University of Malaya, in Kuala Lumpur,
Malaysia. The sheep chosen are all male, Dorper Breed imported from Australia with
average weight between 30 to 50 kilograms, bought from (Genetic Improvement and
Farm Technologies Sdn Bhd).

6.2.4.1 Standard Operation Procedure

Sheep was fasted 24 hours before surgery. One hour before surgery, the sheep was
weighed to calculate the amount of drugs to be used. For sedation, 100mg/ml ketamine
was given via intravenous injection on sheep’s jugular vein and it collapsed after a few

seconds. The sheep was brought to the operation theatre. Its upper limb was shaved and
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cleaned with alcohol. For induction, a needle was inserted into its cephalic vein and 10
mg/2 ml diazepam was introduced, followed by 100mg/ml ketamine, for the sheep to be
more relaxed. Before intubation, soft rope was placed around each the upper and lower
jaw to facilitate the mouth opening and for the head to be elevated and extended. The
endotracheal tube was inserted, secured and the cuff was inflated. The inhalation
anaesthetics were mamtained with isoflurane.

Next, the surgical area of the sheep limb was shaved. The shaved surgical area was
cleaned with alcohol swab, iodine and clean water. The surgery was done under sterile
condition inside an operation theatre. Incision cut was made on the sheep limb. A
tunnel, about 5 cm in length, was made to create an adequate pocket size to place the
hydrogel. The tunnel was made in between subcutaneous layer of'skin and on the top of
tendon. PLGA IPN was then placed at the end of the tunnel. One suture was made to
ensure that the hydrogel did not move from its original position. The incision cut was
sutured. The surgical area was cleaned with alcohol. The macroscopic view of the sheep

limb right after the implantation is shown in Figure 6.2.

Suture

Figure 6.2 The macroscopic view of sheep limb right after implantation

A digital calliper (Mitutoyo Digimatic Coolant Proof Caliper) was used to take the
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reading of height and volume of stretched skin. A lateral view photo was also taken to
see the expansion progress. The sheep recovered immediately after surgery. Free access
to food and water were given to the sheep. Daily measurements and lateral view photos
were consistently taken from Day 0 to Day 31. Throughout the post-operative period,
any sign of pain or abnormal behaviour of the sheep was monitored and recorded.

The diameter of the IPN hydrogel was measured using the caliper from different angles

as shown in Figure 6.3. Each day, 4 readings were taken from those angles and the

mean value was calculated.

N
Y,

S

4

Figure 6.3 Schematic of the measurements of diameter of the implanted hydrogel

The height of PLGA IPN was measured every day including the height of the limb
itself. The original height of the limb without the hydrogel was taken. And the hydrogel
height during expansion should be calculated using equation (6.2):

Hydrogel Height = Value read from the calliper — the original limb height (6.2)
The height of PLGA IPN was also taken from 3 different positions and the mean value
was calculated. The in vivo swelling behaviour as a function of time was drawn using
the mean value calculated from daily measurements on the sheep limb.
6.2.4.2 PLGA IPN Explantation
At day 31, PLGA IPNs were explanted following the explantation protocol. A vertical
and elliptical shape of incision was made on the side of the hydrogel, near the raised

border of the expanded skin. The appropriate length of incision was made based on the
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length of the expanded tissue area. The thick capsule surrounding the hydrogel was

undermined. One small nick was made on the outer wall of capsule, followed by blunt

dissection to expose the hydrogel. Hydrogel was gently pushed out from its surrounding

capsule and removed. Expanded skin tissue about 2 x 2 x 0.3 cm was harvested. The

remaining skin tissue was sutured back to retain its normal condition.

6.2.4.3 Histology and Analysis

The histological procedure contains the following 4 main steps:

1.

2.

3.

4.

Sample Fixation to preserve structure: Expanded tissue was fixed with 4%
buffered formalin solution. The fixation of skin tissue sample took about 48
hours at room temperature.

Sample imbedding to permit sectioning: Expanded tissue was transferred into
70% alcohol and stored at 4°C temperature. It was washed with formalin,
followed by 70% alcohol, 95% alcohol, absolute alcohol and toluene, and then
infiltrated with wax. Next, tissue was embedded in paraffin wax. Tissue was
placed in paraffin bath at 58°C for 15 minutes.

Sample Sectioning: Cooled and hardened tissues were cut using a microtome (a
specially designed slicing machine) with 10 serial sections, 4-5um in thickness
each. The slides were placed with paraffin sections on the warming block in a
65°C oven for 20 minutes for the wax to start melting and to bond the tissue on
the glass.

Sample Staining: Xylene was poured onto the sample, followed by absolute
alcohol, 95% alcohol, 70% alcohol and tap water. Then, haematoxylin was
poured, followed by tap water. 0.5 acid alcohol was used to differentiate the
colour, followed by tap water again, and then by 2% potassium acetate for

bluing process. Eosin was poured to counter stain, followed by 95% alcohol,
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absolute alcohol and xylene.
Histology slides were analysed by a software called Pannoramic Viewer(3D Histech
Kft, Budapest, Hungary). The epidermis and dermis thickness could be easily measured
by pointing one point to another. As for inflammatory cells and fibroblasts count, three
separate areas were chosen at the dermis region, at 40 x magnification. The cells with
round shape was considered as inflammatory cells and cells with more elongated in
structure was fibroblasts. Others such as the hair follicles and other skin appendages

were also presented.

6.3 Results

6.3.1 In Vitro Swelling Behaviour
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Figure 6.4 Swelling Behaviour of 30%PLGA IPN in PBS

Figure 6.4 shows the swelling behaviour of 30%PLGA IPN in vitro in PBS pH 7.4 at
37°C. PLGA IPN in PBS showed rapid swelling in the first 3 days and then went
through the process of swelling being interrupted by short periods of decrease or
stagnation. The swelling reached the first peak at Day 2.5 with swelling ratio at 3.64. It

then shrank to 3.21 at Day 3.5 and then re-swelled to the second peak of3.67 at Day
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6.3. This deswelling-reswelling process was continued, with the third peak shown at
Day 19 and the fourth shown at Day 38. The initial volume swelling rate Ri is 24.5%
per hour.
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Figure 6.5 Weight loss in PBS of IPN hydrogels with varied PLGA weight fractions

Figure 6.5 shows the mass loss of PLGA IPN immersed in PBS over two months. For
varied PLGA weight fraction in the IPN hydrogels, mass losses are all increasing as
time goes by. After 10 days in PBS, all PLGA IPN show a weight loss in the range of
22-25%. IPN hydrogel with higher PLGA weight fraction shows a steeper weight loss
over time. 33%PLGA IPN showed a weight loss of 28.4% after one month and 35.7%
after two months. 47%PLGA IPN showed a weight loss of 34.5% after one month and
45.2% after two months. 62%PLGA IPN showed a weight loss of 50.1% after one

month and 61.4% after two months.

6.3.2 In Vivo Swelling Behaviour
In total 8 30%PLGA IPN hydrogels were implanted and 6 ended up dissolved
(collapsed or broke into pieces). Those 6 surgical sites also showed inflammation and

damage to the surrounding tissue. Only 2 samples remained swelling until Day 31.
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(9) Day 30

Figure 6.6 Images of the implanted PLGA IPN in sheep limb

Figure 6.6 shows the images of two implanted PLGA IPN on a sheep limb, from right
after implantation to 30 days after implantation. The upper sample reached a maximum
swelling in around 4 days and maintained its swelling until Day 30, while the lower one
swelled up to Day 7, then deswelled and finally dissolved after Day 14. The lower one
also shows inflammation and damage to the surrounding tissue, leaving the wound until
Day 30. According to the daily measurements records, there was suspected pain of the
sheep at Day 22-Day 25. The sheep are said to be in pain if they refused to be measured
by calliper and tended to kick back when calliper is placed. Thus daily measurements of
Day 22- Day25 are not available. The volume swelling ratio of the PLGA IPN in vivo

as a function of time is shown in Figure 6.7.
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Figure 6.7 Swelling Behaviour of 30%PLGA IPN in vivo
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30%PLGA IPN in vivo reached a maximum swelling ratio 4 days after implantation.
After that, it experienced the process of swelling being interrupted by short periods of
decrease or stagnation. It reached the first peak of 3.08 at Day4 and then deswelled to
2.1 at Day 8. The second peak was observed at Day 16 and the third at Day 29. The
hydrogel was explanted on day 31 so further observation was not available. The initial
volume swelling rate in vivo is 2.8% per hour.

6.3.3 Comparison of the swelling behaviour in vitro and in vivo

The swelling behaviour of 30%PLGA IPN in vitro and in vivo is compared in Figure
6.8. Both reached a maximum swelling ratio within 4 days. After reaching the first peak
of swelling, both experienced the process of swelling being interrupted by short periods

of decrease or stagnation.
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Figure 6.8 In vitro and in vivo volume swelling ratio of 30%PLGA IPN as a function of time

The initial swelling rate is 24.5%/h in vitro and 2.8%/h in vivo. The maximum swelling
ratio in vivo is around 0.6 smaller than that in vitro. The time taken to reach the first
peak swelling in vivo is 0.58 day longer than that in vitro. In a word, compared to in
vitro swelling, in vivo swelling has smaller initial swelling rate, and maximum swelling
ratio and takes longer to reach the first maximum swelling.
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6.3.4 Histology Results

The histological view of the expanded tissue stained with H&E is shown in Figure 6.9,
revealing normal skin layers of keratin, epidermis, and dermis. Figure 6.10 shows the
control sample of the natural skin tissue. No obvious difference can be observed
between those two samples. The hair follicles and sebaceous glands of the expanded
tissue, which are shown in Figure 6.11 and 6.12, are well preserved and seem to be

normal compared to those in the natural skin tissue.

Figure 6.9 The H&E stained histologic section of the expanded tissue containing layers of keratin,
epidermis and dermis

Figure 6.10 The H&E stained histologic section of natural skin tissue containing layers of keratin,
epidermis and dermis
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Figure 6.11 Hair Follicles of the expanded skin tissue

Figure 6.12 Sebaceous glands of the expanded skin tissue
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AAS

Figure 6.14 Connective tissue of the expanded skin tissue

Figure 6.13 and Figure 6.14 show the dense connective tissue in the dermis layer of the
natural skin tissue and the expanded tissue. Both connective tissue show a high
proportion of collagen fibers (CF) and sparse fibroblast cells. In natural skin tissue,
collagen fibers are randomly oriented, which is described as wavy. In expanded tissue, a
mixture of compacted and wavy collagen fibers are observed. Overall, there is not much
difference between those two.

The numbers of fibroblasts and inflammatory cells are counted as shown in Figure 6.15

and compared with those from the natural skin tissue. Cells with elongated shape are
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assumed to be fibroblasts (orange labels) and cells with a relatively round shape are

assumed to be nflammatory cells (green labels).

Figure 6.15 Labelling of fibroblasts (orange labels) and inflammatory cells (green labels) in one of the
sections of the expanded tissue

The mean value of the thickness of the epidermis, dermis, as well as the average
number of fibroblasts and inflammatory cells are summarized i Table 6.1.

Table 6.1 The mean value of the thickness of epidermis, dermis and the average number of fibroblasts
and inflammatory cells of the expanded tissue and natural skin tissue

Natural Skin Expanded Skin
Tissue Tissue
Epidermis Thickness 40um 55um
Dermis Thickness 2926um 2849um
Number of 5 7
Inflammatory Cells
Number of Fibroblast 15 20

Overall there is not much difference in the thickness of epidermis or dermis between the
expanded tissue and the natural skin tissue. Compared with natural skin tissue, the
expanded tissue shows a thicker epidermis and a slightly thinner dermis. The expanded
tissue also shows an increased number of fibroblasts and a similar number of

mflammatory cells.
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6.4 Discussion

6.4.1 In vitro swelling behaviour

The swelling ratio of PLGA IPN in PBS reached the first peak at Day 2.5 with a value
of 3.64. This is smaller than the peak value of around 5.5 in distilled water. The most
probable reason lies in the decreased osmotic swelling pressure because of the
concentration difference of ions inside and outside the hydrogel network[239] and the
restorative force from the dermis. Fluctuations in swelling ratio is observed, which is
not present in the case of distilled water. Fluctuations in swelling ratio of neutral
hydrogels have been observed at various extent in distilled water or PBS, but the reason
is not fully revealed yet. PVA/PVP blend hydrogels showed a decrease in swelling after
the first peak swelling was reached[240]. This was followed by fluctuations in swelling,
which was more pronounced in hydrogels with higher PVP content. It was explained
that the instability in swelling was due to the interruption of PVA crystal formation by
bulky pyrrolidone rings. PVA hydrogel with PLGA nanoparticles showed fluctuations
and instability in swelling in PBS[241] and the reason was not revealed. It is not
possible yet to determine the cause of this effect from this work. This is left for the

future work.

6.4.2 In vivo swelling behaviour
Most PLGA IPN samples are shown to be unstable in vivo. 6 out of 8 samples dissolved
within 15 days after implantation, causing inflammation at the surgical sites and
damage to the surrounding tissue. The collapsing in vivo could be attributed to one or
combinations of the following reasons:
1. Residue DCM (dichloromethane): Due to the delicate and bulky nature of
hydrogel sample, residue DCM during preparation is unavoidable. DCM acts as

a plasticizer which increases the chain mobility, as has been discussed in Section
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3.4.1. Thus residue DCM acts as a plasticizer in PLGA IPN. As the hydrogel
expands in vivo, more fluids come in and also act as plasticizers. Finally, the
hydrogel becomes unable to withstand the pressure coming from the stretched
skin and collapsed. Moreover, DCM is toxic and volatile, which might cause
mflammation in vivo.

. Accidents: Sheep may rest on its lower limb, which may crush the PLGA IPN. It
may also bash it against the fence because of the discomfort followed by tissue
expansion. In both cases, the sample would be damaged or destroyed because of
its fragile nature.

. PLGA degradation: Most literature indicate that PLGA biodegradation doesn’t
involve any enzymatic activity and is purely through hydrolysis[152]. PLGA
biodegrades into lactic and glycolic acids, which are metabolized and
subsequently eliminated from the body as carbon dioxide and water[242]. PLGA
degradation has been reported to be dependent on its composition[243, 244].
The increase in glycolic acid percentage in the oligomers accelerates the
degradation because glycolic units are more hydrophilic. PLGA 50:50 was used
in this study, which has been reported to exhibit faster degradation than PLGA
65:35, PLGA 75:25 or PLGA 85:15[244]. Also, PLGA 50:50 has been shown to
have a significantly faster degradation in vivo as compared to in vitro due to the
autocatalytic effect of the acidic environment created by its degradation

products[245].

It has been discussed in Section 3.4.2 that PLGA increases the compressive modulus of

the IPN hydrogels in water because of the formation of hydrophobic bonding. With

PLGA degrading, hydrophobic bonding disappears and the IPN hydrogel loses its

mechanical integrity. The loss of mechanical strength by PLGA degradation has been
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reported. PLGA 75:225 scaffolds started to become fragile and lose their mechanical
properties when PLGA rapidly degraded after 4 weeks and highly degraded samples
even fractured in compressive test[246].

According to Figure 6.5, almost 25% mass loss was observed after 10 days in PBS for
33%PLGA IPN, which means 75.8% PLGA degraded within this time. This could lead
to a significant decrease in the mechanical integrity of the IPN hydrogel. And it
corresponds to most PLGA IPN collapsing n vivo within 15 days.

Thus PLGA degradation seems to be the most possible reason for hydrogel collapsing.

6.4.3 Comparison of the swelling behaviour in vitro and in vivo
According to Figure 6.8, IPN hydrogel shows lower initial swelling rate(2.8%/h) and
smaller peak swelling value in vivo than in PBS. Similar findings were also shown for
the VP/MMA hydrogel in a rat model[170]. Three reasons may be responsible for this
observation:

1. The osmotic pressure is decreased because of the existence of ions in the body

fluids, according to equation (2.9) (see Section 2.2.5.4).

2. There is limited body fluids available in vivo.

3. The hydrogel suffers from the restorative force from the skin.
These lead to the decreased maximum swelling ratio and extend the time needed to
reach the first maximum swelling,
The fluctuations in the swelling ratio after first peak swelling is reached is observed
both in vitro and in vivo. In vitro fluctuations has been reported but different hydrogels
have fluctuations to different extent and it is shown to be related with the composition
of the hydrogel network[240, 241]. In vivo fluctuations of hydrogels is also common in
the clinical reports. For example, acrylamide, acrylic acid and N -isopropylacrylamide

hydrogels implanted in a rat model showed constant fluctuations in vivo after the first
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peak swelling was reached within 5 days[99].

The reasons for the fluctuations are either not elucidated or not proved. For the IPN
hydrogels, further work could be done to wash the hydrogel in distilled water to
eliminate unreacted monomers or crosslinker before the experiments and see if the

fluctuations still exist.

6.4.4 Histology Results

Collagen fibers appear as wavy in natural skin tissue, meaning they are randomly
oriented. For expanded tissue, a mixture of compacted and wavy collagen fibers are
observed in Figure 6.14, indicating the collagen is reverting back to its baseline level.
Because of the expansion of the hydrogel, the collagen fibers become compacted and
elongated or more aligned. After full expansion, the reversion of skin back to its
original pre-expansion state has been widely reported [247-249]. For IPN hydrogel, the
first peak swelling was observed within 4 days and the histology samples were
collected on the 31 days after implantation, thus it displays a mixture of compacted and
wavy collagen fibers. Overall, there is not much difference in histology between the
expanded tissue and natural skin tissue.

According to Table 6.1, there is not much difference in the thickness of epidermis or
dermis between the expanded tissue and natural skin tissue. Expanded tissue shows a
slightly thicker epidermis, indicating more activity of the epidermis layer in response to
an expanding mass beneath the subcutaneous layer. The thickening of the epidermis
layer has been widely observed [170, 248, 250, 251]. This is believed to be the increase
in mitotic activity of the keratinocytes in response to epidermal tension, which has been
confirmed by autoradiographic labelling[250, 252]. Epidermal tension initiates changes
in keratinocyte morphology, which activate biochemical signaling cascades leading to

increased mitotic activity and cell proliferation. This finally results in an increase in the
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total number of keratnocytes and a net gain in epidermal surface area.

Epidermis Thickening

Figure 6.16 Increase in keratinocytes in response to epidermal tension F

s1 =2 (6.3)

T AXE

Figure 6.16 shows the schematic of the increase in keratinocytes in response to
epidermal tension F. [ is the original length of the epidermis, §1 is the deformation of
the epidermis, A is the cross-section area, E is the Young’s modulus. According to
equation (6.3), in order to minimize its deformation, the epidermis layer will replicate
keratinocytes to increase the cross-section area A. This results in the epidermis
thickening observed.

The dermis thickness of the expanded skin tissue is slightly smaller than that of natural
skin tissue. The increase in epidermis thickness and slight decrease in dermis thickness
are in accordance with other clinical reports of tissue expanders [248, 249, 253]. It is
generally accepted that the thickness of the epidermis and dermis will return to their
baseline level a few weeks or months after the expansion ceases.

There is an increase in the number of fibroblasts in the expanded skin tissue, indicating
an increase in collagen synthesis in response to expansion. The increase in fibroblasts
corresponds to the large bundles of collagen fibers shown in Figure 6.14, which
represent abundant quantities of immature collagen synthesized by the observed
elevated numbers of fibroblasts[254]. The number of inflammatory cells is slightly

higher than that in natural skin tissue but there is no sign of significant inflammation.
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This suggests that little damage is caused to the tissue by PLGA IPN expansion.
Uncoated VP/MMA has been shown to have a steep expansion to over 550% in the first
3 days[170], causing skin ulceration and large amount of inflammatory cells in the
dermis layer. Rapid expansion of uncoated self-inflating tissue expanders has also been
shown to cause bone resorption underneath the hydrogels in a rat model[255]. In the
present clinical trials, the successful self-inflating tissue expanders are all coated[170]
or prepared with a perforated silicone envelop[13, 256, 257] to slow down the swelling
rate and prevent serious inflammation or tissue necrosis. VP/MMA-PLGA IPN
hydrogel has shown the same effect while possessing the potential to be crafted because
of the absence of a coating or silicone envelop.

Overall, the cell response to the expansion is benign and there is no sign of tissue

necrosis, suggesting that PLGA IPN is safe to be used clinically.

6.5 Summary

The swelling behaviour of IPN hydrogel in PBS and in vivo in a sheep model have been
shown in this chapter. Both in vitro and in vivo, IPN hydrogel reached peak swelling
within 4 days and showed fluctuation in swelling after first peak was reached.
Compared to swelling in vitro, in vivo swelling has smaller initial swelling rate, smaller
peak swelling and takes longer time to reach first peak swelling. This is believed to be
the result of decreased osmotic pressure in an environment that contains ions, the
limited body fluids in vivo and the restorative force from the skin.

Samples dissolved within 15 days at 6 out of 8 surgical sites, indicating weakened
mechanical strength in vivo. Inflammation and tissue damage were observed where
hydrogel dissolved. The residue DCM, accidental damage by the sheep could be the
reasons for this collapsing but PLGA degradation induced loss in mechanical integrity

seems most likely. 75.8% PLGA was observed degraded in PBS after 10 days, which
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corresponds to most PLGA IPN samples dissolving in vivo within 15 days.

At surgical sites where PLGA IPN maintained the swelling until 31 days after
implantation, obvious skin tissue expansion was observed without any inflammation or
tissue damage.

A histological study ofthe successfully expanded tissue shows similar structure and cell
types compared to natural skin tissue. The thickened epidermis and slightly thinner
dermis are in accordance with most clinical reports of tissue expanders. Increased
number of fibroblasts indicates increased activity of collagen production. No obvious
mflammation or tissue damage was observed and skin appendages are well preserved.
The in vivo study shows that PLGA IPN are effective in swelling at a controlled rate
that would avoid tissue damage or tissue necrosis. The histology results demonstrate
that they are safe to be used clinically for growing tissue with the same quality as
natural skin tissue. The big problem lies in the loss of mechanical integrity as PLGA
degrades. Further work could be done to solve this problem by using PLGA with varied
composition ratios to prevent PLGA from degrading too fast.

VP/MMA-PLGA IPN hydrogels have shown their biocompatibility and effectiveness in
tissue expansion. They are the only kind of tissue expander at present that possesses an
appropriate swelling rate for tissue expansion without the clumsiness of a silicone

envelop or polymer coatings.
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7 Conclusions

This study is concerned with developing a self-inflating hydrogel tissue expander with
controlled expansion and the ability to be crafted by surgeons. The current solution to
create controlled expansion is preparing additional coatings or semi-permeable
membranes, which will be damaged upon crafting and result in a local burst of
expansion leading to tissue necrosis. Thus for the first time, an interpenetrating polymer
network(IPN) tissue expander has been prepared.

VP/MMA-PLGA IPN hydrogels has been successfully prepared. The incorporation of
PLGA decreases the initial swelling rate from 96%/h to a range of 68.4%-10.6%,
depending on PLGA weight fraction. This will save the trouble of coatings or
membranes, providing an inherent low swelling rate and avoiding tissue necrosis. The
swelling period can be increased from 12h to 60h with 62.8%PLGA weight fraction,
providing a chronic swelling process which is good for tissue growth. The equilibrium
swelling ratio can be controlled by controlling the PLGA weight fraction. The increased
polymer volume fraction and hydrophobic bonding with PLGA content result in an
increased compressive modulus of the swollen hydrogels.

However, the swelling capacity is largely decreased because of the hydrophobicity
increased by the incorporation of PLGA network, which will limit the application of
these IPN hydrogels to surgeries that only need small tissue growth, such as
anophthalmia, lip, nose or eyelid reconstruction.

IPN or semi-IPN hydrogels with alternative secondary networks have been successfully
prepared. VP/MMA-PLA IPN shows the initial swelling rate in the range of 42.1%/h to
8.4%/h, depending on PLGA weight fraction. VP/MMA-PCL semi-IPN shows the
initial swelling rate 0f29.7%/h at the PCL weight fraction of 23%. The initial swelling

rate, equilibrium swelling ratio decrease, while the swelling period and compressive
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modulus of the swollen hydrogels increase with the increase in PLA or PCL weight
fraction. The initial swelling rate Ri, equilibrium swelling ratio @, and swelling period
Te have all been shown to scale with the hydrophobicity(water contact angle) of the
secondary network, regardless of its glass transition temperature and crosslinking
condition. As PCL is the most hydrophobic of the three, VP/MMA-PCL semi-IPN
shows the lowest Ri and Q, while the highest Te at similar weight fraction of the
secondary network.

HEMA, VP/HEMA and HEMA/SA bulk hydrogels have been successfully prepared as
potential primary networks. HEMA shows a low equilibrium swelling ratio of0.3 and
VP/HEMA shows Q,, in the range of 1.2-1.8, which might not be enough to generate
tissue expansion. HEM A/S A hydrogels shows superior swelling capacity in the range of
1-47, which is increasing with increasing SA content. But the increased swelling
capacity comes at the expense of mechanical properties of the swollen hydrogels.
HEMA/SA hydrogels fail to swell in non-polar solvents because of the formation of
ions pairs, making it impossible to incorporate hydrophobic polymer network like
PLGA through solvent absorption. Considering the existence of ions in physiological
conditions and the possible pH change during expansion, the primary network hydrogel
should not be electrolyte hydrogels nor pH or temperature sensitive. And for successful
preparation of IPN hydrogels through solvent absorption, the primary network has to
contain VP.

VP/MMA-PLGA 1PN hydrogels have been studied in a sheep model. VP/MMA-PLGA
IPN has been shown to be successful in inducing tissue growth with the same quality as
natural skin tissue. But a problem exists as the hydrogels tend to lose their mechanical
mtegrity as PLGA rapidly degrades in vivo within 15 days.

In conclusion, VP/MMA-PLGA IPN hydrogels have been successfully prepared for the
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first time with controlled expansion and the potential to be crafted by surgeons to best
fit the void volume on the patient. The biocompatibility and efficacy of the IPN
hydrogels in tissue expansion has been verified by the animal test. It is the only kind of
self-inflating tissue expander at present without the clumsiness of an additional coating
or membrane, providing a huge advantage in the clinical surgeries. The IPN system
applies to a variety of combinations of primary and secondary networks and it remains a
huge amount of work to find out the best match. However, these IPN hydrogels are not

perfect considering their limited swelling capacity and swelling period.
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8 Future Work

The following future work is recommended to further build upon the work presented in

this thesis.

1.

Dynamic mechanical analysis(DMA) is needed for further investigation into the
mechanical properties of these IPN hydrogels and better predict their
performance in real situation when implanted under the skin.

While the hydrophobicity of the secondary network has been shown to be the
dominant factor affecting the swelling behaviour of the IPN hydrogels, more
work could be done to change the properties of the primary VP/MMA network,
such as VP: MMA ratio and the crosslinker content of VP/MMA to see if there
is any difference.

SANS has been used to probe the internal structure of VP/MMA -PLGA IPN
hydrogels at the fully swollen state. More work could be done using contrast
matching. For example, using contrast matching to see only the signal from
PLGA network or VP/MMA network under SANS. This could provide a better
view of how individual networks in an IPN system behave, which will help
improve their properties. SANS can also be used to detect the states of polymer
networks from the dry state to various states during expansion, which will be
useful in understanding the swelling behaviour.

Thermal polymerization is the main method used in this study because of a lack
of access to other polymerization techniques. y-radiation could be used for the
polymerization as it generally produces more and stronger crosslinks, which will
help with the mechanical properties of the hydrogels at the swollen state.

The swelling of VP/MMA-PLGA IPN in PBS and in vivo have shown

fluctuations after first peak swelling is reached. It is worth looking into this area
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as it is widely observed but rarely explained in this field.

. VP/MMA-PLGA IPN was prepared with PLGA 50:50 in this study, which has
been shown to degrade too quickly and has led to the mechanically collapse in
vivo. PLGA 50:50 has the fastest degradation among its series. Thus PLGA
85:15 or PLA could be used for the animal test, which is expected to improve
the mechanical properties of the IPN hydrogels in vivo.

There are numerous combinations of primary and secondary networks that can
be used to create IPN hydrogel tissue expanders. This study is built primarily
upon VP/MMA primary network and polyester secondary networks. Thus a lot
of potential combinations could be done in search for the desirable properties of

tissue expanders.
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