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Abstract

Biosynthetic hydrogels which have tailorable physical properties as well
as the desired biological attributes to support cellular interaction have emerged as
potential biomaterials for cell encapsulation. These hydrogels are normally
fabricated by incorporating biological molecules into a synthetic hydrogel
network. However, long term use of these matrices requires the biological
molecules to be covalently bound into the network. This stable integration can be
achieved by chemically modifying the biological molecules with short linear
polymer chains, such as poly(ethylene glycol) (PEG), or functional moieties like
acrylate and methacrylates. However, these chemical functionalisation processes
may impose degradation and denaturation of the biological molecules, as well as

disrupting the bioactive side groups that are required for cellular interactions.

Therefore, the overall aim of this research is to covalently incorporate
biological molecules into synthetic hydrogels without the need of prior chemical
modification. A visible light polymerisation system consisting of ruthenium and
persulphate that was previously shown to crosslink proteins through their
phenolic residues was employed. It was shown that by grafting phenolic
containing moieties, such as tyramine onto poly(vinyl alcohol) (PVA-Tyr), the
resultant PVA-Tyr was able to be crosslinked in a similar manner to proteins
using the ruthenium/persulphate system. The physical properties of the hydrogels
were tailorable through varying the nominal macromer concentration. Non-
chemically modified gelatin was successfully covalently integrated into the

PVA-Tyr hydrogels, without affecting the base characteristics (mass loss,



swelling and degradation profile) of PVA-Tyr, but also retained the bioactivity to

support cells in 2D culture (fibroblasts, endothelial, Schwann cells).

Fibroblasts were also encapsulated inside the PVA-Tyr gels, where it was
showed that the presence of the antioxidative protein, sericin was needed to
ensure survival of the cells during the photoencapsulation process. However,
both sericin and gelatin were required synergistically to facilitate long-term 3D
cell growth, proliferation and function. The encapsulated cells were able to form
clusters and interconnected networks, as well as remained metabolically active

after 21 days in culture.

This work has demonstrated a novel method to covalently incorporate
proteins in their native state into synthetic hydrogels. The resultant PVA-
Tyr/protein biosynthetic hydrogels showed great promise as tissue engineering

matrices.
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1.1. Research motive

Biosynthetic hydrogels are potential biomaterials as cell encapsulation
matrices. However, current approaches for stable integration of biological
molecules into synthetic hydrogel networks require chemical modification
processes that may cause denaturation and degradation of the biological molecule,
thus affecting its bioactivity. Therefore, this thesis focuses on evaluating the
feasibility of covalent incorporation of biological molecules into a synthetic

polymer network without the need of prior chemical modification.

Tissue engineering (TE) aims to regenerate, repair and replace
dysfunctional or deceased tissue/organ and is an attractive solution to the current
issues faced with organ transplantation [1, 2]. Most research strategies for
engineering a functional tissue involve the encapsulation of cells within an
artificial structure (i.e., TE scaffold) that supports 3D cellular function. It is
hypothesised that the encapsulated cells are able to secrete extracellular matrix
(ECM) and remodel the artificial environment to form regenerated tissue that is
structurally and biochemically similar to native in vivo tissues. It has been
previously proposed in the literature that the ideal scaffold should be able to
provide structural and mechanical support to the encapsulated cells, as well as
having the required biofunctionality to induce cell growth, proliferation and
ECM secretion within the 3D network [2]. Moreover, the degradation rate of the
scaffold should also match the rate of ECM secretion from cells to ensure
formation of engineered tissue with similar functionality as native in vivo tissues
[1]. Although several biomaterials have emerged as potential TE scaffolds, no
scaffolds to date have successfully facilitated the formation of functional tissues

that can be used to replace a deceased organ. Therefore, the focus of this thesis is
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to develop and characterise a new material in an attempt to fulfil the design

criteria of an ideal cell encapsulation scaffold.

Hydrogels, which are a class of polymers that are capable of absorbing
water, have arose as potential candidates for cell encapsulation matrices due to
their similarity to the native ECM surrounding cells in the body [3]. Moreover,
this highly hydrated environment was also reported to allow good permeability
and diffusion of nutrients and oxygen through the network to the encapsulated
cells, as well as waste products released from the cells to the environment [3]. A
number of parameters such as macromer cytocompatibility, crosslinking process,
physical and mechanical properties, as well as the hydrogel’s degradation rate are
to be accounted for in selecting the suitable material to fabricate hydrogels for
cell encapsulation purposes. It has been previously reported that both natural and
synthetic polymers have been employed to fabricate hydrogels that may satisfy

these design considerations [2].

Hydrogels fabricated from naturally occurring polymers, such as the
ECM proteins and glycosaminoglycans, often have good biological attributes that
can promote cellular interactions with the hydrogels. However, they are usually
mechanically weak and chemically unstable when used in vivo [4]. Moreover, the
variations between each batch of natural polymers also lead to inconsistency in
sample preparations [1]. On the other hand, hydrogels made from synthetic
polymers are advantageous due to the consistent structural composition and high
mechano-chemical stability in vivo. Other advantages of synthetic hydrogels
include tailorable physical and mechanical properties, as well as degradation rate

[5]. However, synthetic polymers lack biological recognition sites which are vital
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for cellular processes such as proliferation and differentiation. Hence,
biosynthetic hydrogels which are fabricated from using synthetic polymers as a
platform to tailor the bulk physical properties of the hydrogel, and then combined
with biological molecules to impart biofunctionality, have been proposed to

address this problem.

To date, several biological molecules such as polysaccharides, proteins,
peptides and growth factors have been integrated into synthetic hydrogels to
promote cell viability, growth and proliferation within the gel. This incorporation
can be done by physically blending the biological molecules into the synthetic
hydrogels, or covalently co-polymerising the biological and synthetic polymers.
However, physically blending leads to leaching of the biologics in a short period
of time leading to rapid loss in the biosynthetic hydrogel’s bioactivity [6].
Therefore, in order to maintain the bioactivity of the gels over a longer period of
time, the biological molecules are preferred to be covalently crosslinked within

the synthetic hydrogel network.

In the literature, the two most common methods used to fabricate
covalent biosynthetic hydrogels are the Michael-type addition and
photopolymerisation. Both of these techniques require chemically grafting
functional moieties such as thiols, acrylates, methacrylates and vinyl sulfones, or
linear synthetic polymers such as poly(ethylene glycol) onto the biological
molecule, to allow co-polymerisation with the synthetic polymer [7-10].
However, these chemical modification processes may induce denaturation and
degradation of the biological molecules [7, 8, 11]. Moreover, the functional

groups grafted may also disrupt the original side groups on the biological
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molecules that are required for bioactivity [7, 12]. Therefore, there is a need to
develop a system where biological molecules can be covalently incorporated into

synthetic hydrogels without the need of chemical modification.

1.2. Aims of thesis

The focus of this thesis was to investigate a new method for the covalent
incorporation of native biological molecules into synthetic hydrogels. This focus
addresses the hypothesis that non-chemically modified biological molecules such
as proteins, growth factors and cytokines can be co-polymerised with synthetic
hydrogels using a crosslinking system that has only been traditionally applied to
protein-protein crosslinking. Proteins are chosen as the model for biological
molecules in this thesis. In addition, the retention of the biological activity of the
proteins will be verified and the ability of the resultant biosynthetic hydrogels to
promote survival and function of encapsulated cells will be investigated. For this
purpose, poly(vinyl alcohol) was chosen as the synthetic base and the proteins
gelatin and sericin were chosen as the biological molecules. The overall

objectives of the thesis were to:

1. Synthesise a phenolated PVA system that can be crosslinked via a similar

mechanism used for native protein-protein crosslinking.

2. Covalently incorporate non-chemically modified proteins into the PVA
hydrogel and evaluate that the base characteristics of the base PVA network, as

well as the biofunctionality of the incorporated proteins are not affected.

3. Evaluate the feasibility of encapsulating cells into the PVA/protein hydrogels

as well as assessing the cell viability, growth and function post encapsulation.
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These objectives were addressed through specific aims throughout the thesis, as

described below:

The literature regarding the design consideration of using hydrogels as cell
encapsulation matrices, as well as methods to incorporate biological molecules
into synthetic hydrogels is reviewed in Chapter 2, highlighting the current issues

in chemically modifying biological molecules.

Chapter 3 reports on fabricating PVA hydrogels using a photopolymerisation
system (ruthenium/persulphate) that has only been traditionally applied to
crosslink native proteins. The aim was to synthesise PVA with functional phenol
moieties that can covalently crosslink with tyrosine groups on native proteins

using the ruthenium/persulphate system.

Chapter 4 is focused on understanding the degradation behaviour of the
fabricated PVA hydrogels. The aim was to establish the mechanism behind the
hydrogel’s degradation, as well as tailoring their degradation profile and

mechanics.

In Chapter 5, studies in which non-chemically modified gelatin was incorporated
into the PVA hydrogels are reported. The aim was to assess the effect of gelatin
incorporation on the base characteristics of the PVA hydrogels. The
biofunctionality of the PVVA/gelatin hydrogels was also evaluated through 2D cell

adhesion and 3D cell encapsulation studies.

Chapter 6 reports on incorporating antioxidants into the PVA hydrogels with the

aim to protect the cells from radical damage during the photoencapsulation



Chapter 1: Introduction

process. The long term survival, proliferation and function of the encapsulated

cells were studied.

Finally, Chapter 7 presents the conclusions from the thesis and makes

recommendations for future work
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2.1. Introduction

Organ and tissue transplantation is often the only possible solution for
patients suffering from end stage organ damage and failure. However, there are
significant issues with the availability and compatibility of donated organs. It has
been reported that 1 patient is added to the organ transplantation waiting list
every 10 minutes in Australia, and the average waiting period is between 6
months to 4 years [13]. As a result, tissue engineering (TE) has been proposed as
a solution to the problems faced with organ donation. Tissue engineering aims to
repair or regenerate tissues in the laboratory to replace dysfunctional and/or
damaged organs. To achieve this, cells are grown in artificial structures known as
TE scaffolds that can either be directly implanted into specific sites to stimulate
in vivo tissue repair and regeneration; or cultured in vitro for a period of time
until the cells differentiate into targeted tissues and are then implanted; or just
cultured in vitro without being implanted to produce model tissues that can be
used for drug screening [14]. In the past, several biomaterial scaffolds have
emerged as potential candidates for TE matrices. However, despite the potential,
there has yet to be success with engineering a functional tissue to replace a

damaged or non-functioning organ.

This chapter aims to address important requirements for fabricating tissue
engineering matrices, with a specific focus on hydrogels. Different classes of
hydrogels and their subsequent advantages and disadvantages as cell
encapsulation matrices will be discussed. Comparison will also be done on
various methods that have previously been used to encapsulate cells within the

hydrogels. Moreover, different techniques applied to improve the hydrogels’
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ability to support cellular functions and tissue growth within the gel will also be

reviewed.

2.2. Hydrogels for cell encapsulation

Hydrogels are defined as hydrophilic polymeric networks which are
capable of absorbing water in the amount from 10% to a thousand times their dry
weight [1, 2, 15, 16]. It was previously described that the highly hydrated
environment is similar to the native extracellular matrix (ECM) [9, 17, 18]. The
aqueous environment has been speculated to provide good transport of nutrients
to the cells and waste product from cells [1, 5, 16, 19, 20]. Moreover, drugs and
other biological molecules such as peptides, proteins and oligonucleotides can be
co-encapsulated with cells, and protected from immune reactions [19, 21-24].
Various hydrogel fabrication methods reported in the literature such as
photolithography and microfluidics allow production of samples of controlled
size and shape [2, 22, 25]. The overarching aim is to encapsulate the cells within
the gel matrix, and induce secretion of ECM when the hydrogel degrades (Figure
2.1) [1]. It is desired that the newly formed tissue is similar to native tissues in
terms of structure and biochemical aspects, and can function properly in vivo. In
order to achieve this goal, a number of systems and strategies have been
employed to design the ideal hydrogel matrix for tissue engineering applications.
A number of design considerations that dictate the suitability of the materials as

cell encapsulation matrices will be discussed in the following sections.
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@%@&5%%%

Cells Macromer Cells encapsulated in

hydrogel network
@ ) Aag radation

Functional Cells secrete matrix while hydrogel
tissue degrades
Figure 2.1: Overall scenario of tissue formation in cells encapsulated hydrogels

(adapted from [1]).

2.2.1. Macromer cytocompatibility and biocompatibility

For many TE applications, cells are suspended in a macromer solution
prior to encapsulation. Therefore, the macromers should be soluble in cell
compatible aqueous solutions with appropriate pH and osmolality to prevent cell
lysis [1]. The size of the macromers is also an important consideration, as
previous studies have shown that low molecular weight macromers (<3kDa) are
generally cytotoxic [26, 27]. Biocompatibility, which is defined as the ability of
the material to perform with an appropriate host response in a specific situation is
also a key consideration in the selection of materials used to fabricate the
hydrogels. The gels must not cause any toxicity issues to the host tissue in vivo

post implantation.
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2.2.1. Hydrogel crosslinking methods

The crosslinking methods used to fabricate the hydrogels must also be
carefully selected to not impose detrimental effects on the cells. Over the years, a
variety of techniques have been developed to enable successful cell
encapsulation into hydrogels. Depending on the nature of the bonds formed
between the polymer chains, hydrogels can be classified as either physical or
covalent gels. This section will focus on the different methods used for physical
and covalent hydrogel fabrication, as well as the advantages and disadvantages of

the derived techniques specifically related to cell encapsulation.

2.2.1.1. Physical hydrogels

Physicalhydrogels have either molecular entanglements, ionic or
hydrogen bonds holding the network together. A common example is the
crosslinking of alginate using divalent cations such as Ca®* [28]. The interaction
between the anionic groups on alginate with the added Ca®* cations leads to
ionotropic gelation (Figure 2.2) [29]. The similar principle behind mixing
polymers of different charges was further applied for formation of complex
coacervate gels (Figure 2.2). The ionic interaction between polyelectrolytes of
opposite charges allows the formation of polyion complex gels. An example of
this method is the gelation between polyanionic xanthan gum and polycationic
chitosan [30, 31]. This crosslinking technique is generally simple and can be

done at physiological conditions.

12
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Figure 2.2: Schematic diagram of ionotropic gelation (top) and complex

coacervation (bottom) (adapted from [16]).

Physical hydrogels can also be fabricated from formation of hydrogen
bonds between polymeric chains during molecular aggregation. For instance,
lowering the pH of a carboxylmethylcellulose (CMC) solution was able to induce
gelation by promoting establishment of hydrogen bonds between the CMC
chains [32, 33]. Similarly, reducing the temperature of gelatin solution beneath
35°C successfully produced hydrogels due to the formation of hydrogen bonds
between the gelatin aggregates [34]. Another method to induce physical
crosslinking is freeze-thawing. During this process, gelation happens when
microcrystals are introduced into the network over the numerous freeze-thaw
cycles. Both poly(vinyl alcohol) (PVA) and xantham gum hydrogels were
successfully fabricated using this method [35, 36]. Nevertheless, the freeze-thaw
cycles are not cell compatible. Moreover, physical hydrogels in general are
associated with weak chemical and mechanical stability due to the reversibility

of the bonds formed. Hence, covalent hydrogels where covalent crosslinks
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formed in the network are permanent and irreversible have been extensively

researched as cell encapsulation matrices.

2.2.1.2. Covalent hydrogels

2.2.1.2.1. Chemical crosslinking

Covalently bound hydrogels can be fabricated through various chemical
crosslinking methods. These techniques utilise crosslinking agents that are able
to react with functional groups such as carboxyl, hydroxyl and amine on
polymers, thus forming covalent crosslinks between the polymer chains.
Crosslinking agents that have been reported in the past include aldehyde and
epoxide. For instance, PVA (Figure 2.3), chitosan and collagen hydrogels have

been fabricated using glutaraldehyde as the crosslinking agent [3, 37-40].

OH OIH
| OHC(CH2)3CHO 5
OH Glutaraldehyde -
OH Vil
P Y PVA hydrogel
F o o
PVA | \CH*(CH y—CH |
AN
1 /O O\:

____________________

Crosslinks formed

Figure 2.3: Schematic illustration of using glutaraldehyde to chemically

crosslink PVA: Inset is the chemical structure of the crosslink formed.

Another example is the usage of epichlorohydrin to crosslink PVA, dextran and
chitosan hydrogels [41-43]. However, the main issue with this technique is the

toxicity of the chemical crosslinkers [44, 45]. Therefore, other chemical

14
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crosslinking strategies that do not require toxic agents have been explored to

encapsulate cells.

2.2.1.2.2. Michael type addition

In recent years, the Michael addition reactions are emerging as an
advantageous chemical crosslinking method. The reaction is particularly suitable
for preparation of cell laden hydrogels because it occurs in aqueous medium, at
room temperature and physiological pH [46]. This system involves the addition
of a nucleophile to a carbon-carbon double bond on an alkene [47, 48]. In terms
of hydrogels, the addition reaction is often between nucleophilic thiolates and
unsaturated ester bonds, where covalent thioether crosslinks are formed [6, 49-
51]. However, thiolate nucleophiles normally form in slightly basic conditions
(pH = 8.0) that are not suitable for cells. The unsaturated ester bonds reported to
form covalent crosslinks with thiol groups in Michael addition reactions are
methacrylates, acrylates and vinyl sulfones [6, 10, 52]. Hubbell and co-workers
successfully encapsulated cells within hydrogels fabricated from multifunctional
poly(ethylene glycol) (PEG) based macromers containing thiol and vinyl sulfone

groups (Figure 2.4) [50, 53, 54].
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Figure 2.4: Michael-type addition crosslinked PEG hydrogel using 4-arm PEG-
vinyl sulfone (PEG-VS) and PEG-thiol (PEG-SH); Inset is the structure of

crosslinks formed.

These studies showed that the slightly basic environment and thiolate
nucleophiles were not detrimental to cells [52, 55, 56]. Moreover, Lutolf et al.
showed that altering the chemistry of groups adjacent to the thiols can increase
thiolate nucleophiles formation at neutral pH [51]. Another advantage of this
system is the ability to incorporate peptides or polysaccharides containing thiols,
as well as degradable linkers into the gels. However, the gelation rates are
typically slower compared to other systems, such as radical chain polymerisation.
Thiols are also known to be chemically unstable [57]. They can easily dimerize
upon contact with oxygen in the air, leading to disulfide bond formation [1, 58,

50].

2.2.1.2.3. Click hydrogels
“Click” reaction has also been developed as a new method to fabricate

covalent hydrogels in recent years [57, 60-62]. The most well-known click
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chemistry reaction is the Cu(l)-catalysed Huisgen cycloaddition, between an
azide and alkyne to form a trizaole [63-65]. The advantages of this reaction
include quantitative conversion, high specificity, and lack of side reactions with
functional groups of biological molecules [61, 62]. It was also speculated that the
distribution of crosslinks formed in “click” hydrogels are more organized [60].
Therefore, better control over the physical properties (mesh size, mechanics and
swelling) can be obtained. The kinetics of this “click” reaction are relatively fast
under physiological conditions. However, the major drawback of this reaction is
the usage of copper (Cu(l)) as a catalyst, which is potentially toxic to cells [66,
67]. Recent advancements have resulted in copper free “click” reactions [68, 69].
One example is the “click” hydrogel formed from PEG tetraazide and
polypeptides functionalised with di-fluorinated cyclooctyne (DIFO) moieties
[68]. Cells encapsulated in these gels were shown to be viable after 24 hours [68].
However, the DIFO moieties require a multiple-step synthesis and are not
commercially available. Another copper free “click” reaction is the formation of
hydrazone bond between hydrazide and aldehyde groups. Hyaluronan (HA),
dextran and PVA hydrogels have been successfully fabricated using this reaction
[57, 62, 70, 71]. The major advantage of this system from a biomedical
standpoint is the formation of water as the only by-product. Cell encapsulation
studies further confirmed the cytocompatibility of the hydrazone “click”
reactions. A study conducted by Alves et al. successfully created PVA gels
crosslinked with hydrazone bonds (Figure 2.5), and showed that encapsulated
fibroblasts remained viable after 14 days [57]. However, the stability of the

hydrazone bonds in vivo has yet to be examined.
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Figure 2.5: Schematic illustration of “click” PVA-Hydrazone hydrogels formed
using PVA-Aldehyde (PVA-AL) and PVA-Hydrazide (PVA-HY); Insets are the

structure of respective groups (adapted from [57]).

2.2.1.2.2. Radical chain polymerisation

Radical chain polymerisation involves grafting functional vinyl groups
such as acrylates, methacrylates and fumarate onto polymer chains to create
multifunctional macromers. In the presence of an initiator and under proper
initiating conditions, radicals are generated then allowed to propagate through
the vinyl groups forming kinetic chains that hold the network together (Figure

2.6).
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Radicals

Multivinyl macromer Radical chain crosslinked hydrogel

Figure 2.6: Schematic diagram of radical chain polymerisation used to crosslink

multivinyl macromers into hydrogels.

However, the initiators used and radicals generated might be toxic to cells.
Nicodemus and Bryant stated that the concentration of radicals generated is
highly dependent on initiator size, chemistry, concentration, initiating conditions
(thermal, redox, photo-polymerisastion) and polymerisation kinetics [1]. Redox-
initiating systems typically consist of two components (oxidising and reducing
agents) which catalyse free radical generation to initiate polymerisation [72]. The
most well-known redox system used to make hydrogels is the ammonium
persulfate (APS) and N,N,N’,N’-tetramethylethylenediamine (TEMED) reaction,
and has been used to fabricated PVA, PEG and chitosan hydrogels [72-75].
Although cells such as bone marrow stem cells and chondrocytes have been
successfully encapsulated in these gels [74, 75], there are also controversial

reports on the toxicity of this initiating system [73].

On the other hand, photoinitiating systems have been extensively studied
to crosslink hydrogels in situ. This system mainly utilises a photoinitiator which

decomposes into radicals in the presence of UV (200 - 400nm) or visible light
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(400 — 800nm). This type of crosslinking is attractive for encapsulating cells due
to being able to be performed at room or physiological temperature with fast
curing rates, provision of spatial and temporal control over the polymerisation
process, and minimal heat generation [3, 76-78]. However, the photoinitiators
used might also be toxic. It was previously reported that the initiator
concentration and chemistry influenced cell viability [79-81]. Burdick et al.
reported that viability of fibroblasts encapsulated in photopolymerised HA gels
decreased with increasing initiator concentration [82]. Williams et al. compared
the effect of two kinds of photoinitiators, 2, 2-dimethoxy-2-phenylacetophenone
(Irgacure  651) and  2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-
propanone (lrgacure 2959) in viability of bovine chondrocytes encapsulated in
PVA hydrogels [79]. The chondrocytes, macromers and photoinitiators were
mixed together then irradiated with UV light for 6 minutes. It was reported that
cell survival was higher in samples fabricated using Irgacure 2959, whereas
Irgacure 651 was detrimental to cells [79]. In contrary, Mann et al. showed that
by reducing the irradiation time, rat aortic smooth muscle cells survived the
photo-encapsulation process in PEG hydrogels using the same Irgacure 651 [81].
Regardless, another drawback of this system is the usage of UV light, which has
been previously reported to impair the cell cytoskeleton and degrade cell-surface
proteins [46]. Hence, visible light initiating polymerisations have been explored
as cell encapsulation systems to minimise the effect of UV irradiation. Several
visible light photoinitiators such as eosin-Y, triethanolamine and
camphorquinone have been reported in the literature [83-85]. Shih and Lin
demonstrated that human mesenchymal stem cells (hMSCs) and pancreatic

mouse insulinoma cells (MING) were successfully encapsulated in PEG thiol-
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norbornene hydrogels using eosin-Y as the photoinitiator, and remained viable
after 14 days [85] . Overall, although photopolymerisation is a promising
technique to encapsulate cells, the initiators and initiating conditions (light
intensity and wavelength) must be carefully selected to minimise any adverse

effects on cells.

2.2.2. Hydrogel properties

Once the cells are encapsulated in the gels, they should be able to
differentiate, migrate, proliferate and secrete native ECM to remodel the artificial
environment. However, these cellular functions are highly dependent on the

physical and mechanical properties of the gels, as well as their degradation rate.

2.2.2.1. Physical and mechanical properties

Physical and mechanical properties such as mass loss, swelling, diffusion,
compressive modulus and mesh size have been previously reported to affect the
cell behaviour within the hydrogel. These properties are known to closely relate
to the degree of crosslinking of the gel. It was previously demonstrated that an
increase in crosslinking density results in gels with higher mechanical strengths,
lower swelling capacity and smaller mesh size [6, 82, 86-89]. The hydrogels’
physical and mechanical properties can also be tailored depending on the
application of the final product. For example, hydrogels designed for cartilage
repair must exhibit high compressive moduli due to the stresses exerted on native
cartilage. Vilanueva et al. successfully encapsulated chondrocytes in PEG
hydrogels of compressive moduli ~900kPa, which is in the range of native

cartilage, by varying the crosslinking density [90].
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The mesh size (as shown in Figure 2.7) which is a measure of the
distance between crosslinks in the hydrogel is also highly influenced by the

crosslinking density.

crosslink

¥

Figure 2.7: Schematic representation of a hydrogel network showing the

macromolecular mesh (¢&).

As the crosslinking density increases, the mesh size decreases, forming hydrogels
with tighter structure. These tight networks restricts the movement of polymeric
chains hence decreases the amount of water uptake into the network. Burdick et
al. reported formation of gels with smaller mesh size and lower swelling when
the crosslinking density was increased [82]. Zustiak et al. also reported a
decrease in the hydrogel swelling with increase in crosslinking density [6]. The
mesh size also dictates the permeability of solute and nutrients to the
encapsulated cells, as well as diffusion of tissue-specific molecules secreted by
the cells [1, 5, 15, 18, 46]. Several studies have demonstrated that the physical
and mechanical properties of the gels highly influence the rate and nature of
tissue formation in the gels [86, 91, 92]. Hydrogels with high mechanical

strength were reported to inhibit the ECM assembly and remodelling [93, 94].
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2.2.2.2. Degradation

Another important factor for using hydrogels for tissue regeneration is the
degradability of the hydrogels. The hydrogel is required to provide temporary
mechanical support for the cells that will eventually be replaced by ECM
secreted by the cells. During degradation, the mesh size increases, allowing cells
to differentiate, migrate and secrete ECM to remodel the 3D environment for
tissue formation. A study done by Cushing et al. showed that with sufficient
degradation, hMSCs were able to migrate towards one another to form the cell-
cell junctions that are required for osteogenesis [95]. Moreover, it is optimal for
the hydrogel to degrade at the same rate as the tissue is regenerating, [1, 96-98].
Rapid degradation will cause the whole scaffold to break down before tissue is
regenerated while slow degradation will result in excess ECM accumulation in
the pericellular regions [1]. The degradation must also be tailored to allow

homogenous addition of secreted ECM molecules to the network [92, 99].

Hydrogels can be either hydrolytically or enzymatically degradable
depending on the type of degradable linkages incorporated within the network.
Most hydrolytically degradable gels contain ester linkages such as lactic acid,
caprolactone, fumarate and phosphoesters [18, 100-106]. Degradation normally
occurs immediately upon the ester linkages being exposed to an aqueous
environment. On the other hand, enzymatically degradable gels are mostly either
fabricated from natural polymers or contain peptides that can be cleaved by
proteases [52, 56, 58, 59, 107]. These enzymatically degradable peptides are
mostly susceptible to plasmin or matrix metalloproteinases (MMPs) [108, 109].
The typical mass loss profile for a degradable hydrogel is shown in Figure 2.8,

where mass loss increases with time until a point where there are not enough
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linkages to maintain the hydrogel network, the whole matrix breaks down

(reverse gelation) [1].

100

75 = -

Mass loss (%)

N
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1

Time

Figure 2.8: Mass loss vs degradation time for a degradable hydrogels (adapted

from [1]).

The degradation rate of hydrolytically degradable gels is highly
dependent on the amount of crosslinks in the network as well as the structure of
the hydrogel. It was reported that varying the macromer concentration, amount of
ester linkages, and crosslinking density can subsequently tailor the degradation
rate [82, 89, 110, 111]. Moreover, the chemistry of other groups around the ester
bonds in the hydrogel can also affect the degradation rate. For example, ester
groups of poly(lactic acid) (PLA) were reported to degrade faster than
poly(caprolactone) (PCL) [1, 112]. On the other hand, enzymatically degradable
hydrogels can be cell mediated where the degradation rate is controlled by the
encapsulated cells. For example, hydrogel formed from HA degrades in response

to hyaluronidase which is secreted by the cells [58, 59, 107]. Other soluble
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molecules in the environment where the hydrogels are incubated in can also
influence the degradation kinetics. It was shown that the degradation of PEG-
PLA hydrogels was significantly slower in cell culture media compared to
phosphate buffered saline [89]. More interestingly, Bryant et al. showed that the
presence of cells in the hydrogel slowed the degradation of PEG-PLA hydrogels.
Since there are a lot of factors influencing the degradation kinetics of the
hydrogels, each system needs to be studied and tailored individually to produce
the ideal cell encapsulation scaffold. Table 2.1 below summarises degradable
hydrogels that were reported in the literature, as well as cells encapsulated in

them and their mode of degradation.

Table 2.1: Biodegradable hydrogels used for cell encapsulation

Cells Degradation
Macromer used Ref
encapsulated mode
Chitosan grafted with Enzymatic
lactid acid and Chondrocytes (lysozyme) and [75]
methacrylate hydrolytic
Alginate dialdehyde _
_ Hepatocytes Hydrolytic [113]
and gelatin
Chitosan-g- _
) o ) Enzymatic
azidobenzoic acidand  Cardiomyocytes [114]
(lysozyme)
acryloyl-PEG-RGD
Fibroblasts,
Thiol modified HA and ) )
_ adipocyte stem Enzymatic [115, 116]
PEG-diacrylate
cells
Chondrocytes, Enzymatic
Methacrylated HA ) ) [117, 118]
fibroblasts (Hyaluronidase)
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Methacrylated
chondroitin sulfate

Styrenated gelatin

Acrylated HA and
PEG-(SH),4
Fibrinogen-g-PEG-
acryloyl and PEG
diacrylate
PCL-b-PEG-b-PCL
dimethacrylate
PEG-(poly(glycerol
succinic acid
methacrylate,)),
Poly(lactide-co-
ethylene oxide-co-
fumarate) and MMP

diacrylate

PEG-diacrylate and
fibrinogen fragments

PVA-Aldehyde and
PVA-Hydrazone

PEG-diacrylate and
MMP degradable
peptides

PEG-vinyl sulfone and
MMP degradable
peptides

Enzymatic
Chondrocytes »
(Chondroitinase)
Chondrocytes Enzymatic
Enzymatic
hMSCs .
(Hyaluronidase)
Bone marrow Enzymatic

stromal cells (plasmin, MMPs)

Enzymatic
Chondrocytes ]
(lipase)
Chondrocytes Hydrolytic
Enzymatic
Bone marrow
(MMPs) and
stem cells _
hydrolytic
Bovine aortic
smooth muscle Enzymatic
cells
Fibroblasts Hydrolytic
Human umbilical _
) ) Enzymatic
vein endothelial
(MMPs)
cells (HUVEC)
Mouse MSCs,
embryonic )
] Enzymatic
carcinoma cells,
(MMPs)

smooth muscle

cells, fibroblasts

[119, 120]

[121]

[122]

[123]

[124]

[101]

[125]

[123]

[57]

[126]

[127-130]
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2.3. Hydrogel materials

In order to satisfy the design considerations outlined above, the materials
used to fabricate the hydrogels must be carefully selected. Hydrogels can be
made from natural and synthetic polymers. The earliest cell encapsulation
systems were based on natural polymers such as alginate and chitosan which are
derived from seaweed and crustaceans respectively [131, 132]. These materials
have been reported to be structurally similar to the mammalian polysaccharide,
but are not commonly found in the body and do not contain cell adhesive
sequences or bioactive segments [133]. Therefore, research on cell encapsulation
materials has expanded onto mammalian ECM molecules such as hyaluronan
(HA), collagen, gelatin and fibrin, which have biologically active groups that can
promote cell proliferation, migration and differentiation [1]. However, major
issues associated with hydrogels fabricated from ECM molecules are the
relatively weak mechanical strength, batch to batch variability, sterilisation
difficulties, and immunogenicity [5, 22, 134]. On the other hand, synthetic
polymers such as poly(ethylene glycol) (PEG) and poly(vinyl alcohol) (PVA)
offer flexibility with synthesis and generally have better reproducibility and
chemical stability [22, 134]. These synthetic polymers can be chemically tailored
to produce the required properties for a specific application but lack bioactive
sites for cellular interactions. Therefore, biosynthetic hydrogels which combine
the benefits of synthetic and biological molecules are seen as the more promising

materials to fabricate hydrogels for cell encapsulation.

The following sections will discuss the most common natural, synthetic
and biosynthetic hydrogels used for cell encapsulation. The advantages and

disadvantages of these hydrogels will be reviewed.
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2.3.1. Natural hydrogels for cell encapsulation

Alginate, which is extracted from seaweed, is composed of linear
polysaccharide block copolymers containing D-mannuronic acid and L-guluronic
acid monomers [135]. The most commonly reported alginate hydrogels are based
on ionotropic gelation, where the anionic carboxyl groups of alginate interacts
with divalent cations in the solution (see section 2.2.1.1.). The first reported case
of cell transplantation was published in 1980 by Lim and Sun using alginate-
polylysine (PLL) carriers [131]. Since then, human liver carcinoma cells
(HepG2), human acute T cells, pancreatic islets and fibroblasts have been

successfully encapsulated in these gels [131, 136-138].

Similarly, chitosan which is obtained from partial deacetylation of chitin
by alkaline hydrolysis at high temperature, is structurally similar to mammalian
polysaccharides, making it attractive as a hydrogel material [135]. It is a linear
polysaccharide composed of randomly distributed D-glucosamine and N-acetyl-
D-glucosamine units [139]. It can be commercially obtained in low or high
degrees of deacetylation, where the latter has higher hydrophobicity which was
reported to promote better cell adhesion [140]. The most common sources used
to obtain chitosan are the shells of crabs and shrimps. Chitosan itself is cationic
and water soluble at mild acid conditions (pH<6) but becomes neutral and
hydrophobic at physiological pH. By adding anionic molecules to chitosan
solutions, ionotropic gelation leading to the formation of chitosan hydrogels
occurs [141, 142]. The physical and swelling properties of these gels can be
tailored by varying the concentration of the chitosan or anionic solution [15, 139].
Neonatal cardiomyocytes, chondrocytes and fetal mouse cortical cells have also

been encapsulated in chitosan hydrogels [143-145].
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The similarities between both alginate and chitosan are their ionic
characteristics and feasibility to be crosslinked into hydrogels through ionotropic
gelation. As ionotropic gelation happens at physiological conditions without the
use of any toxic chemicals, cells encapsulated into these gels often have high
viability. However, both alginate and chitosan are not commonly found in the
body and do not contain the biological segments required to facilitate long term
cell growth and proliferation. Therefore, biological molecules obtained from the
ECM such as HA, collagen, gelatin and fibrin have spurred interest as hydrogel

materials.

HA is a polysaccharide that can be found in most connective tissues of
the body such as skin and cartilage [82, 135, 146]. It is composed of D-
glucuronic acid and D-N-acetylglucosamine linked together via glycosidic bonds
[135]. Its size ranges from 5000 to 20,000,000Da in vivo and can be easily
reproduced from microbial fermentation of bacteria. HA has roles in many
biological functions such as tissue formation, embryonic development, wound
healing and angiogenesis [135, 147-149]. HA gels have encapsulated
chondrocytes and development of cartilage tissue was observed within the

scaffold [82, 117].

On the other hand, collagen is a protein with more than twenty nine
distinct types identified to date. It is highly expressed in connective tissue of
animals and is also the most abundant protein in mammals. Being the major
component of the ECM, collagen has abundant RGD sequences that are required
for cell attachment and migration. It is known to self-assemble into fibrillar
structures and has been fabricated into hydrogels using this feature.

Chondrocytes and fibroblasts have been successfully encapsulated in this kind of
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collagen gel [4, 150]. However, collagen is only soluble in mild acidic conditions

which may not be appropriate for hydrogel fabrication in the presence of cells.

Therefore, gelatin, which is a product of collagen hydrolysation, has also
been studied as a substitute of collagen. One major advantage of gelatin is its
water solubility, which enables cell encapsulation in physiological conditions
[151]. Several cells such as human adipose derived stem cells, human umbilical
vein endothelial cells, human mesenchymal stem cells, fibroblasts, chondrocytes,
dorsal root ganglia and Schwann cells have been successfully encapsulated in

gelatin based hydrogels [121, 151-156].

Other proteins that have been highlighted as potential materials for cell
encapsulation are fibrin and fibrinogen. Both fibrin and fibrinogen play
important roles in blood clotting, fibrinolysis, wound healing and angiogenesis
[157]. Fibrin is a fibrous protein formed from fibrinogen and thrombin. Its
precursor, fibrinogen exists in high concentration in the blood plasma. Once
mixed with the protease thrombin, fibrinogen is converted to fibrin monomers,
which then undergo end-to-end polymerisation to form a 3D network [158, 159].
Fibrin gels are attractive as cell encapsulation matrices because they have cell
adhesive sequences as well as growth factors binding motifs [158-160]. The
physical properties of fibrin gels can be controlled by varying the concentration
of fibrinogen or thrombin during the crosslinking process [161]. It has been
reported that neonatal cardiomyocytes, carotid artery derived cells, osteoblasts,
chondrocytes, endothelial cells, human mesenchymal stem cells and mouse

embryonic stem cells have been crosslinked in fibrin hydrogels [162-166].
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2.3.1.1. Problems associated with natural hydrogels

Despite the advantages associated with natural hydrogels, there are also
significant limitations. The high batch-to-batch variability of natural polymers
leads to issues with reproducibility [1]. This is significant for alginate
particularly as alginate derived from different sources were reported to have
different viscosity and mechanical strength [167]. This phenomenon was
believed to be due to the different ratios of mannuronic and guluronic acid in
different kinds of alginate [167, 168]. Similarly, batch-to-batch variation was
also observed in commercially available alginate and collagen which can
potentially affect the performance and reproducibility of the hydrogels fabricated

[168, 169].

Natural hydrogels are also generally mechanically weak. Alginate and
chitosan hydrogels that are physically crosslinked through ionotropic gelation
have been reported to have poor long term stability, due to the reversibility of the
crosslinks formed [170, 171]. Similarly, collagen and fibrin gels have also been
shown to be mechanically unstable. Both collagen and fibrin gels were reported
to shrink and deform when cells are encapsulated within them [4, 150, 160, 166].
Attempts to improve the mechanical rigidity of collagen gels include chemically
crosslinking collagen with glutardehyde and carbodiimide [172, 173]. However,
the usage of these toxic chemicals is not suitable for cell encapsulation processes
especially in the presence of cells. On the other hand, fibrin gels have been
reinforced by incorporating other materials such as HA, poly-L-lysine, calcium

phosphate and PEG into the gels [165, 174-179].

Collagen, HA and fibrin have been reported to be antigenic [180-182]. It

was believed that these natural polymers contain impurities such as endotoxins
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and antigenic telopeptides that may cause an immune response when implanted
in vivo [181, 183-185]. A number of purification techniques have been employed
to remove these impurities from the natural polymers. For instance, collagen has
been reported to be treated with proteolytic enzymes such as pepsin to cleave the
antigenic telopeptides [181, 186-188]. However, enzyme treatment also induces
denaturation that may affect the native bioactivity of the protein. Moreover,
crosslinking collagen with glutaraldehyde also successfully masked the antigenic
sites from interacting with antibodies [189]. Once again, glutaraldehyde is toxic

and not suitable for cell encapsulation processes.

2.3.2. Synthetic hydrogels

Synthetic materials have advantages over natural hydrogels, such as
reproducibility, tailorable mechanical properties, and control over scaffold
architecture and macroscopic features. However, most synthetic polymers require
harsh processing conditions, such as usage of organic solvents or high
temperature, which are not suitable for cells. Over the past decades, several cell
compatible synthetic polymers such as PEG and PVA have been extensively

researched for cell encapsulation.

PEG has been widely studied for biomaterials due to advantages such as
hydrophilic, non-toxic and resistive to protein adsorption. The PEG structures
reported in the literature are either linear or branched, with end hydroxyl groups
that can be chemically conjugated with a variety of functional groups (Figure
2.9). Depending on the chemistry of the functional moieties, both degradable and

non-degradable PEG hydrogels can be synthesised.
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Figure 2.9: Structures of A) linear PEG, B) 4-arm-PEG, and various possible

functional end groups reported in the literature (adapted from [190]).

Common approaches to fabricate PEG hydrogels include photopolymerisation of
acrylated PEG or Michael-type addition of PEG grafted with vinyl sulfone [50,
86, 112, 191, 192]. One important feature of PEG hydrogels is that the physical
and mechanical properties have been shown to be tailorable depending on the
macromer concentration and crosslinking density [6, 17, 111, 193].
Chondrocytes, messenchymal stem cells and adipogenic cells have been

successfully encapsulated in these PEG gels [194-197].

PVA which has similar chemistry to PEG, has also been employed in
several biomedical applications [198]. It can be obtained from hydrolysis of
poly(vinyl acetate), where the degree of hydrolysis has an overall effect on its
chemical properties, solubility and crystallinity [35, 199]. It is well known for its
low toxicity, hydrophilic nature, and the pendant hydroxyl groups that can be

easily modified with various functional groups (Figure 2.10) [199-201].
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possible pendant functional groups reported in the literature.

The abundance of hydroxyl groups on the PVA backbone allows for
functionalisation of more than one type of functional groups, as well as control
over the number of functional moieties grafted onto the polymer backbone [5, 89,
110, 200, 202, 203]. Both degradable and non-degradable PVA gels have been
reported in the literature. The physical and mechanical properties of PVA gels
can be varied according to the degree of functionalisation, molecular weight and
macromer concentration [202-204]. For example, the compressive moduli of
PVA hydrogels have been reported to range from 300 kPa to 20 MPa [203, 204].
Chondrocytes and fibroblasts have been successfully encapsulated within PVA

gels [22, 57, 205].

Degradable hydrogels based on PEG and PVA have also been formed

through their copolymerisation with other synthetic polymers that contain
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hydrolytically labile ester bonds such as poly(lactic acid), polycaprolactone,

poly(propylene fumarate) and polyphospoester (Figure 2.11). [206-210].

A) B) 0
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Poly(lactic acid) Poly(propylene furmarate)
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R' n n
Polyphosphoester Polycaprolactone

Figure 2.11: Structures of A) Poly(lactic acid), B) Poly(propylene furmarate), C)

Polyphosphoester, and D) Polycaprolactone.

2.3.2.1. Disadvantages of synthetic hydrogels

One common problem associated with synthetic hydrogels is the lack of
biological recognition sites for cell to attach, migrate and proliferate. Although
the fabricated scaffold can be tailored to the desired physical and mechanical
properties, the cells encapsulated within them are unable to function and promote
tissue formation. Nuttelman et al. showed that the viability of hMSCs
encapsulated in photopolymerised PEG hydrogels decrease from 100% viability
initially to less than 10% after 4 weeks in osteogenic conditions [195]. Similarly,
another study conducted on hMSCs encapsulated in PEG hydrogels also showed
that the DNA concentration, which is relative to the total number of cells in the

gels, also decreased from 2000 ng/gel to 500 ng/gel over 10 days [211]. The
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viability of fibroblasts encapsulated in pure PVA hydrogels was observed to

decrease from 95% to 80% over 28 days [134].

While synthetic polymers offer the advantages in terms of good
reproducibility, mechanical stability, ease of purification and tailorable physical
properties, cells are unable to function in these gels due to the lack of biological
recognition sites. Therefore, biosynthetic polymers which combine the
advantages of both synthetic and natural polymers, have emerged as better

materials for cell encapsulation matrices.

2.3.3. Biosynthetic hydrogels

As mentioned above, synthetic hydrogels have been shown to have
desirable physical properties as cell encapsulation matrices. However, these
hydrogels do not have the required bioactive segments to facilitate cell function
and proliferation. In the body, the ECM provides adhesion sites for cells and
binds growth factors to regulate important cell functions to maintain the cell
phenotype [55]. Therefore, ECM molecules such as polysaccharide, proteins and
growth factors have been incorporated into synthetic hydrogel networks to impart
biofunctionality. These biosynthetic hydrogels are designed to have the tailorable
physical properties of the base synthetic polymer, as well as the desired

biological attributes of the incorporated biological molecules.

Biological molecules can be either physically blended or covalently
immobilised into hydrogels. In certain applications such as drug delivery,
physical entrapment might be desired. For example, insulin has been physically

blended in PEG based hydrogels for treatment of diabetes. The PEG gel has been
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reported to protect insulin from proteolytic degradation before it reaches the
targeted delivery site, preferentially the colon [206]. However, in terms as cell
encapsulation matrices, blending leads to the biological molecule being leached
out from the network in a short period of time [6]. Therefore, covalent
incorporation of natural polymers into the synthetic network is more preferred
for long term applications. This section will focus on the different biological
molecules incorporated into synthetic hydrogels and their effect on cellular

behaviour.

2.3.3.1. Polysaccharides

The polysaccharide HA has been incorporated into synthetic hydrogels to
impart biofunctionality. A study conducted by Kutty et al. showed that
fibroblasts encapsulated in PEG hydrogels remained rounded after 14 days [212].
However, when HA was incorporated into the PEG gels, the morphology of the
fibroblasts was vastly different, where spreading and interconnected networks
were observed [212]. This phenomenon was hypothesised to be due to the role of
HA in regulating metastasis and wound healing by binding to cell surface
receptors [213]. Jin et al. showed that HA functionalised with thiol groups can be
crosslinked with PEG-vinyl sulfone through Michael-type addition. The resultant
PEG-HA hydrogel was used to encapsulate chondrocytes, which were shown to
secrete glycosaminoglycans and collagen type 1l in the gel up to 21 days [10].
Using a similar Michael-type addition, acrylated HA has been reacted with
thiolated PEG, and the formed hybrid gels have been used to encapsulate
mesenchymal stem cells for bone regeneration [122]. In that study, the cells were

shown to express osteocalcin and stimulated mature bone formation after 4
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weeks of implantation [122]. PEG-HA hydrogels have also been employed to
encapsulated fibroblasts, chondrocytes and embryonic carcinoma cells [10, 59,

214].

Another class of polysaccharides known as glycosaminoglycans (GAGS)
have also been incorporated into synthetic gels. GAGs are known to have
important roles in the ECM such as binding and presenting growth factors to
cells. As an approach to engineer cartilage, the GAG chondroitin sulphate (CS),
which is an important structural component of this tissue, has been integrated
into synthetic cells to regulate the function of encapsulated chondrocytes. Bryant
et al. successfully grafted photopolymerisable methacrylate groups onto CS,
which was then co-polymerised with methacrylated PVA [215]. The resultant
PVA-CS hydrogel was reported to promote viability of encapsulated
chondrocytes [215]. Heparin, which is the highly sulphated derivative of the
GAG heparan sulphate (HS), has also been studied to improve the biological
functions of synthetic hydrogels. It has been reported to be chemically
conjugated with thiol groups, then crosslinked with acrylated PEG through
Michael-type addition reaction [216]. In another approach, methacrylate groups
were conjugated onto heparin to allow co-polymerisation with metharylated PVA
[9, 134]. The presence of heparin significantly improved viability of mammalian
cells encapsulated within the PVA/heparin gels for a time period of 28 days
[134]. In a separate study, heparin immobilised in PEG hydrogels has been
shown to direct differentiation of encapsulated mesenchymal stem cells down an

osteogenic lineage [96, 217].
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2.3.3.2. Proteins and peptides

Proteins such as collagen, laminin and fibrinogen contain cell signalling
sequences that are fundamental for cells to facilitate functional activities such as
adhesion, differentiation and proliferation. Singh et al. reported the grafting of
acrylated PEG onto collagen, followed by photopolymerisation where fibroblasts
and endothelial cells were co-encapsulated within these gels [218]. It was
observed that the cells were able to form capillary vessel-like networks with
hollow lumens in the gel [218]. A similar chemistry was also applied to
fibrinogen and laminin, where PEG chains were conjugated onto these proteins
[7, 123, 219-222]. The fabricated PEG-laminin gels were shown to promote
aggregation of encapsulated nucleus pulposus cells as well as maintain their
phenotype [219, 220]. PEG has also be co-polymerised with fibrinogen, and
these gels have been used to encapsulate smooth muscle cells and endothelial
cells [123]. Both cells were able to migrate and form interconnecting networks
within the gel [123]. Photocrosslinked PEG-gelatin gels showed that the addition
of gelatin facilitated development of 3D fibroblast cellular networks within the
gel [223]. From all of these studies (and other not mentioned here), it is obvious
that the incorporation of proteins into synthetic hydrogels significantly improved
the cellular function of the gels. The cell-adhesive sequences which are present
in these proteins were speculated to be the reason for the improved bioactivity
[224-226]. Hence, protein fragments/peptides containing the adhesive domains
have also been covalently immobilised in hydrogel networks to promote
adhesion, migration and proliferation of encapsulated cells [76, 227, 228].
However, Weber et al. conducted a study where the whole protein laminin and

laminin derived cell adhesive IKVAV peptide were incorporated into PEG
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hydrogels encapsulated with islets [229]. Interestingly, it was observed that the
islets were secreting much more insulin when the whole protein was used [229].
This phenomenon highlights that besides the adhesive sequences of the protein,
other domains on the protein, such as growth factor binding sites are required to
facilitate overall cellular function [230]. A full review of the use of protein
fragments and peptides is available elsewhere, and is outside the scope of this

thesis [1, 190].

2.3.3.3. Growth factors

Growth factors which are important biological molecules that provide
adequate signalling to cells have also been immobilised in hydrogels. Vascular
endothelial growth factor (VEGF) has been reported to be conjugated to PEG,
then covalently immobilised in acrylated PEG hydrogels [231]. The presence of
VEGF was shown to stimulate tubulogenesis of the encapsulated endothelial
cells. Similarly, platelet-derived growth factor (PDGF-BB) and fibroblast growth
factor (FGF) have been PEGylated, then crosslinked in PEG hydrogels [232]. In
the same study, the presence of the growth factors was shown to increase the

migration of encapsulated endothelial cells significantly [232].

2.3.3.4. Issues associated with incorporation of natural molecules

As reviewed above, Michael-type addition and photopolymerisation are
the most popular techniques used to covalently co-polymerise natural and
synthetic polymers. These approaches often require chemical modification
processes, such as conjugation of linear PEG chains (PEGylation), thiols,

acrylates/methacrylates and maleimide groups onto the biological molecule
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backbone. However, many of these chemical reactions are usually conducted in
harsh conditions that have the potential to induce denaturation and degradation of

the biological molecules, which leads to loss in functionality.

PEGylation has been applied to a number of biological molecules such as
fibrinogen, collagen and albumin with similar reactions conditions. PEGylation
of fibrinogen can be done through Michael-type addition of thiols on fibrinogen
to acrylated PEG [233]. However, this PEGylation reaction requires the
fibrinogen to be degraded. The thiols in native fibrinogen are presented in their
oxidised form, which are the disulfide bridges of the protein [233]. Therefore,
reducing agent such as Tris(2-carboxyethyl)phosphine (TCEP) are used to reduce
the disulfide bonds to thiols, which are then reacted with the acrylates on PEG

(Figure 2.12) [12, 233].
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reacted with acrylated PEG

PEGylated fibrinogen

Figure 2.12: Schematic of fibrinogen PEGylation (Adapted from [233])

Similarly, Gonen-Wadmany et al. showed that SDS PAGE smears were observed
for PEGylated albumin and collagen, as compared to distinct bands for the non-
modified proteins, indicating the occurrence of denaturation and degradation [12].
It was also reported that the reaction conditions to functionalise collagen with
methacrylate groups can cause partial denaturation of the collagen, resulting in

significant changes in the fibrillar structure [234-236].

Another issue with chemically modifying biological molecules is that the
newly conjugated functional groups can physically block or increase steric

hindrance around the protein’s bioactive side groups, thus interfering with cell-
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protein interaction [237]. For example, functional methacrylate and cinnamate
groups were attached onto collagen using the conventional carboxyl-amine
coupling reaction that targets the protein amine or carboxyl groups [234, 238,
239]. Other protocols used to methacrylate collagen involve chemicals such as
methacrylic anhydride and glycidyl acrylate/methacrylate, which also target the
amine and carboxyl groups of collagen [235, 236]. As the well-known cell
adhesive RGD sequence has both amine and carboxyl side chains [240], there is
a high possibility that the functional groups are directly attached onto the RGD

sequence, thus affecting its ability to bind to cell surface integrins (Figure 2.13).

NH

Figure 2.13: Molecular structure of RGD sequence; both amine and carboxyl

side groups are highlighted (Adapted from [240] ).

Browning et al. also reported that collagen bioactivity retention is heavily
influenced by the degree of functionalisation [237]. A decrease in protein
functionalisation density resulted in an increase in total amount of endothelial
cells adhered onto functionalised collagen hydrogels [237]. Highly functionalised
collagen gels facilitated attachment of only ~30 cellssmm? whereas ~75
cellssmm? were adhered onto lowly functionalised gels after 3 hours of
incubation [237]. Conducting similar cell adhesion studies on Streptococcal

collagen-like proteins (Scl2-1) revealed that the spreading of the attached
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endothelial cells also decreases with increasing level of funtionalisation [237]. It
was therefore believed that protein functionalisation/modification can physically

block the adhesive segments required for cellular spreading and attachment.

Besides physically hindering the cell adhesive segments, other functional
bioactive sites can also be affected following the modification process. Gaudet
etl al. reported that attaching methacrylate groups onto collagen significantly
impeded its ability to self-assemble [234]. Moreover, mesenchymal stem cells
encapsulated in the modified collagen gels had significantly lower cell viability
(~70%) compared to the native collagen gels (~95%) [234]. PEGylating
fibrinogen was reported to affect its ability to form fibrin clots [7, 241]. Barker et
al. showed that conjugating more than six PEG chains onto fibrinogen hindered
the protein’s clotting characteristics completely [241]. Moreover, the degradation
response of PEGylated fibrinogen and native fibrinogen to plasmin is also
significantly different. It was also reported that PEGylation significantly affected
the cellular interaction with proteins in hydrogels. For example, fibroblasts were
able to form lamelliphodia and interconnected networks in unmodified
fibrinogen hydrogels after 2 and 6 days respectively [7]. However, at similar time
points, the fibroblasts encapsulated in PEGylated fibrinogen gels remained
rounded with no formation of interconnected networks [7]. These fibroblasts
were also reported to have lower levels of matrix metalloproteinase (MMP)
markers (MMP-2 and MMP-9) compared to those entrapped in native fibrinogen
gels, suggesting a change in phenotype [7]. Functionalisation of heparin with
thiol groups also decreased its antithrombin Il binding affinity, which further

affects its anti-coagulation properties [8, 11]. A 20% conversion of the carboxyl
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groups of heparin to thiol groups resulted in significant loss of its anticoagulant

activity [11].

Thus, while biosynthetic hydrogels have emerged as attractive materials
for cell encapsulation due to their tailorable physical and mechanical properties,
as well as their desired biological attributes to support 3D cellular functions,
many issues still remain. In particular, the exact method for the covalent
integration of biological molecules into synthetic hydrogels still presents several
challenges. As stated above, current methods of biological molecule
incorporation often requires varying degree of chemical
modification/functionalisation of the biological molecules, and these chemical
modification processes can potentially denature, degrade and impede the
bioactivity of the biological molecules. Therefore, there is still a need for new
approaches that allow covalent incorporation of biological molecules into

synthetic hydrogels in their native state.

2.4. Summary

The ideal cell encapsulation scaffold is required to provide temporal
support to the cells while they secrete their ECM to form tissue that is
structurally, biochemically and functionally similar to the native tissue.
Hydrogels are potential candidates as cell encapsulation matrices due to their
structural comparability to the native ECM. The hydrogel must consist of
cytocompatible macromer, can be crosslinked by means not detrimental to cells,
as well as having good physicomechanical properties and tailorable degradation
rates to facilitate tissue formation within the scaffold. Biosynthetic hydrogels

which have tailorable physical and mechanical properties, as well as the
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biofunctionality required for cellular processes, can meet these needs. However,

current approaches in incorporating biological molecules into synthetic gels may

cause denaturation, degradation and loss of bioactivity of the particular molecule.

Therefore, a new system that allows stable integration of biological molecules

(e.g., proteins, growth factors and cytokines) within synthetic hydrogels without

the need of chemical modification needs to be developed.

The following aims form the basis for the body of work presented on this thesis.

Investigate the feasibility of incorporating biological molecules (proteins)
in their native state into synthetic hydrogels. In this thesis, the base
polymer selected is PVA due to the abundance of hydroxyl groups that
can be easily modified with other functional moieties. A
photocrosslinking system that has only been applied to protein-protein
crosslinking was utilised (will be elaborated further in Chapter 3).
Understanding the effect of incorporating proteins into PVA hydrogels on
the physical properties of the fabricated hydrogels, as well as study the
effects on protein retention and bioactivity within the gel.

Evaluate the possibility of encapsulating cells within these biosynthetic
hydrogels, and study the effect of protein incorporation on 3D cellular

functions.
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Chapter 3
Synthesis of Phenolated PVA and Hydrogel
Fabrication Using Ruthenium/Persulphate

Initiating System

The synthesis of PVA-Tyr in this chapter was published in Biomaterials and
permission was granted by the publisher for use in this thesis. The concepts and
writing of this paper was largely under the control of Lim KS (90% input). The
other authors contributed to the analysis and interpretation of the literature and
assisted in the development of the arguments.
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3.1. Introduction

Incorporation of proteins into synthetic hydrogels is known to
significantly enhance cellular interactions within the resultant biosynthetic gels
[242, 243]. However, long term usage of these hydrogels requires the protein to
be covalently crosslinked with the synthetic polymers. This covalent
incorporation has been achieved through a number of approaches, such as
modification of protein side chains with poly(ethylene glycol) (PEG), and
grafting functional reactive groups onto the protein backbone [7, 9, 12, 120, 244].
However, these approaches are often associated with protein degradation,
deformation, and loss of functionality [7, 244]. Therefore, new methods are
needed to allow co-polymerisation of proteins and synthetic polymers without

the need for chemical modification.

Proteins are natural polymers with complex structures, compositions and
functions, which play important roles in a variety of biological functions. These
roles include catalysing chemical reactions in the body, maintenance of the body
tissue, and transporting molecules from one location to another [245, 246]. More
importantly, all of these mentioned functions are dependent on the protein’s
activity and stability in the body, which are tightly associated with protein-
protein interactions [247]. In order to study these interactions, several methods
have been developed in the past, such as using computational methods, or

protein-protein crosslinking reactions [247, 248].

Protein-protein crosslinking is usually a chemical reaction where two or
more molecules of a protein are linked together with a covalent bond [247].

Crosslinking between two groups on a single protein could stabilise the tertiary
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and quaternary structure of the protein, whereas intermolecular crosslinks
between two or more proteins would stabilise the protein-protein interaction sites
[249-251]. These crosslinked multi protein complexes have been captured and
analysed to identify unknown protein interaction domains [252]. However, due to
the complexity of the protein structure, only a small amount of functional groups
can be targeted for crosslinking. The most targeted protein side chains are
primary amines (-NH;) [250, 251, 253], carboxyls (-COOH) [254, 255], and
thiols (-SH) [256-258], which are mostly present in the amino acid residues of
the protein. Unfortunately, most of these protein-protein crosslinking processes
require toxic chemicals such as formaldehyde, glutaraldehyde, maleimide and

methanol [250, 259, 260].

On the other hand, metal catalysed oxidation has also been used to
crosslink proteins. Fancy et al. reported on the usage of a transition metal
complex, ruthenium (Ru) as photo-redox catalysts to crosslink proteins. Such
photo-redox catalysts, which were firstly reported in the 1970's, spurred great
interest due to their absorbance in the visible range, as well as their chemical
stability in the excited state [261]. In terms of protein-protein crosslinking, the
photolysis of Ru®* generated excited Ru®* that could oxidise aromatic residues,
such as tyrosine in the protein. The oxidised tyrosine groups were converted to
tyrosyl radicals, which were further quenched by forming covalent crosslinks
with nearby tyrosine residues (Figure 3.1) [252, 262, 263]. This system has been
used to study the interactions between proteins involved in genetic regulation

[247, 252].
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Figure 3.1: Schematic of protein-protein crosslinking using photo-oxidation of

Ru (Adapted from [252, 263]).

In recent years, Elvin et al. reported the use of the Ru photo-oxidation
system to fabricate protein hydrogels as tissue sealants [254, 264, 265]. Ru used

in combination with a potent persulphate electron acceptor, has been shown to
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crosslink hydrogels from collagen, fibrinogen, gelatin, resilin and keratin [254,
264, 266-269]. In particular, the resultant gelatin and fibrinogen hydrogels had
good elasticity and adhesive properties for sealing gastrointestinal surgical
incisions [265, 269]. However, to the best of our knowledge, there have not been
any reports in the literature to date on using this initiating system to crosslink
synthetic polymers. It was hypothesised in this chapter that functionalisation of
synthetic polymers with phenolic moieties will allow the formation of a synthetic
hydrogel network using the visible light initiated Ru/persulphate system. In
addition, proteins can also be covalently crosslinked into the synthetic hydrogel
network through their native tyrosine residues, without any extra chemical

modification.

A variety of chemistry has been reported to conjugate phenolic residues
onto synthetic polymers. The most common chemistry used is the carboxyl-
amine condensation reaction coupling. This reaction requires a carbodiimide
reagent to activate the carboxyl groups, forming reactive esters that couple with
primary amines. Poly(ethylene glycol) (PEG), poly(ethylene oxide) (PEO) and
poly(propylene oxide) (PPO), has been functionalised with phenolic groups using

this chemistry [270-272].

Therefore, the aim of this chapter was to examine different chemical
routes for the functionalisation of PVA with phenolic moieties using the
carboxyl-amine condensation reaction. Furthermore, the feasibility of
crosslinking phenolated PVA using the visible light initiated Ru/persulphate
system was examined, where different initiator concentrations and irradiation

conditions were also investigated.
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3.2. Experimental

3.2.1. Materials

Poly(vinyl alcohol) (PVA) (13-23 kDa, 98% hydrolysed), succinic
anhydride (SA), triethylamine (TEA), 1,3-Dicyclohexylcarbodiimide (DCC), N-
hydroxysuccinimide (NHS), tyramine (Tyr), ammonium persulphate (APS),
sodium  persulphate (SPS), 1,1-carbonyldiimidazole (CDI), tris(2,2-
bipyridyl)dichlororuthenium(ll) hexahydrate (Ru(l)bpys®*), glycine ethyl ester
hydrochloride, hydrazine monohydrate, 4-hydroxybenzoic acid (HBA),
deuterium oxide (D,0), molecular sieves (4A), Dulbecco’s phosphate buffered
saline (DPBS), and dialysis tubing (10 kDa molecular weight cut-off) were
purchased from Sigma-Aldrich and used as received. Dimethyl sulfoxide (DMSO)
was bought from Ajax Chemicals and was dried over 4 A molecular sieves.
Hydrogel disc moulds were made from silicone sheets (Silastic®Sheeting,

reinforced medical grade silicone rubber, Dow Corning).

3.2.2. Synthesis of phenolated PVA
Two chemical synthesis routes were considered to conjugate phenol
groups onto PVA (Figure 3.2). The targeted phenolation was 2% (7 phenol

groups per PVA backbone).
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Figure 3.2: Synthesis routes to obtain phenolated PVA; Route 1: PVA-Hydroxy

benzoic acid (PVA-HBA); Route 2: PVA-Tyramine (PVA-Tyr).
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3.2.2.1. Synthesis of PVA-HY and PVA-HBA (Route 1)

PVA-HBA was synthesised through two steps as shown in Figure 3.2.
Firstly, the hydroxyl groups of PVA were partially substituted with hydrazide
groups (PVA-HY) following a protocol outlined by Alves et al [57]. In a typical
experiment, 1 g of PVA was dissolved in 20 ml of dry DMSO under nitrogen
atmosphere at 60°C. The fully dissolved PVA solution was left to cool down to
room temperature (RT). 0.507 g of CDI was then added to the PVA solution,
with stirring under nitrogen atmosphere for 3 hours. Next, 0.087 g of glycine
ethyl ester hydrochloride and 0.087 ml of TEA was added to the reaction mixture.
After 20 hours, 2 ml of hydrazine monohydrate was added to the reaction
solution and was further stirred at RT for 24 hours. The polymer solution was
purified by dialysis (10 kDa molecular weight cut—off) against water, and then
freeze-dried to obtain dried PVA-HY. The targeted amount of functionalisation
was 7 hydrazide groups per PVA chain. Next, HBA was conjugated onto the
hydrazide groups of PVA-HY using carboxyl-amine coupling chemistry. 0.06 g
of HBA, 0.271 g of DCC and 0.151 g of NHS were dissolved in 10 ml of dry
DMSO and allowed to stir at RT. After 24 hours, 1 g of PVA-HY dissolved in 10
ml of dry DMSO was added to the reaction mixture, and was left to react for

another 24 hours at RT.

3.2.2.2. Synthesis of PVA-COOH and PVA-Tyr (Route 2)

PVA-Tyr was also synthesised through 2 steps (Figure 3.2). Firstly,
carboxyl groups were conjugated onto the PVA backbone. 1g of PVA was
dissolved in 10 ml of dry DMSO at 60 °C under nitrogen purging. 0.045 g of SA

and 0.061 ml of TEA were added to the reaction mixture, and stirred at 60°C for
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24 hours. The targeted conjugation was 7 carboxyl groups per PVA chain. The
carboxylated PVA (PVA-COOH) was precipitated in a 10-fold excess of ethanol,
re-dissolved in water and dialysed against water prior to being freeze dried. 1 g
of dried PVA-COOH was dissolved in 10 ml of dry DMSO at 60°C, and purged
with nitrogen for 30 minutes. The solution was left to cool to RT prior to the
addition of 0.271 g of DCC and 0.151 g of NHS. After 24 hours, 0.121 g of Tyr
was added to the reaction mixture and was allowed to react for another 24 hours.
The targeted amount of Tyr conjugated was also 7 Tyr/PVA chain. In order to
obtain complete conversion of carboxyl to Tyr groups, a study was conducted to
evaluate the amount of DCC and NHS needed to activate the pendent carboxyl
moieties. The synthesised PVA-Tyr was precipitated in 10-fold excess of acetone,
re-dissolved in water, and vacuum filtered to remove the by-product
(dicyclohexylurea). The filtered PVA-Tyr solution was purified by dialysis

against water, and then freeze-dried.

3.2.3. Quantification of functional group density in synthesised macromers
using 1TH NMR

The synthesized polymers were analysed using ‘H NMR (300 MHz
Bruker Advance DPX-300 spectrometer) to quantify the amount of functional
groups conjugated to the PVA backbone. The percentage conjugation was
calculated by comparing the area of the peaks corresponding to the functional
groups to the area of the peaks associated to the PVA backbone. The PVA used
in this thesis had a reported molecular weight of 13 — 23 kDa, and all calculations

are done based on the average molecular weight of PVA (16 kDa). The average
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number of functional groups attached per PVA chain (functional groups/chain)

was then calculated by the following equation:

(3.1)
Functional groups/chain = % conjugation xM

RU

Where, MW is molecular weight and RU is the repeating unit of PVA; MWpya =

16,000 g mol™, MWgy = 44 g mol™
The efficiency of the reaction can then be calculated by the equation as follows:

_ functional groups/chaincpicpea (3.2)

Reaction ef ficiency x 100

functional groups/chain,q, geeq

3.2.3.1. PVA-HY (Route 1)

'H NMR done on PVA-HY showed no signals corresponding to the
hydrazide (-CH,CONHNH;) groups, which was likely due to overlapping with
protons of the PVA backbone. Hence, PVA-HY was reacted with formaldehyde
to convert the hydrazide groups to hydrazone (Figure 3.3). Firstly, free
formaldehyde was generated by dissolving paraformaldehyde in PBS at 50 °C.
PVA-HY dissolved in PBS was then added to the reaction mixture and was
stirred at room temperature for 24 hours. The reacted polymer (PVA-Hydrazone)
was dialysed against water then freeze-dried. PVA-Hydrazone was then
dissolved in D,0, and characterised through *H NMR to determine the functional
group density. The area of the proton peaks corresponding to the hydrazone
groups was compared to the area of the protons in the PVA backbone (6 = 1.3 —
1.9ppm, labelled “a” in Figure 3.4), to determine the percentage conjugation. The

number of hydrazide groups attached is equivalent to the number of hydrazone
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moieties present on the PVA chain. *H NMR: CH, of hydrazone bond (8 = 6.2 -
6.5 ppm and 6.7 - 6.9 ppm), CH of PVA backbone (6 = 3.5 - 4 ppm) and CH of

PVA backbone (6 = 1.3 — 1.9 ppm).
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Figure 3.3: Schematic of reacting PVA-HY with formaldehyde to form PVA-

Hydrazone.

3.2.3.2. PVA-COOH and PVA-Tyr (Route 2)

Both PVA-COOH and PVA-Tyr were dissolved in D,O and analysed
using *H NMR. For PVA-COOH, the area of methylene proton peaks of the
carboxyl moieties was compared to the area of proton peaks in the PVA
backbone. *H NMR: CH, of carboxyl groups (5 = 2.5 — 2.6 ppm), CH of PVA
backbone (6 = 3.5 - 4 ppm) and CH; of PVA backbone (6 = 1.3 — 1.9 ppm).
Similarly for PVA-Tyr, the percentage conjugation of Tyr groups onto PVA
backbone was calculated by comparing the area of the proton peaks
corresponding to the aromatic moieties to the area of the protons in the PVA
backbone (5 = 1.3 — 1.9 ppm, labelled “a” in Figure 3.7). *H NMR: CH, of
aromatic groups (6 = 6.5 — 7.5 ppm), CH of PVA backbone (6 = 3.5 - 4 ppm) and

CH; of PVA backbone (6 = 1.3 — 1.9 ppm).
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3.2.4.L929 cell growth inhibition assay

Macromer samples (PVA, PVA-COOH and PVA-Tyr) were prepared at
concentrations of 4 mg/mL (in DPBS) and diluted to 1 mg/mL with EMEM
containing 10% FBS and 1% PS. Murine dermal fibroblasts (L929) were cultured
in EMEM supplemented with 10% FBS and 1% PS. 5x10* cells/mL were seeded
onto 35 mm diameter tissue culture dishes. After 24 hours of incubation at 37 °C
in a 5% CO, humidified atmosphere the media was discarded and 1 ml of sample
solution was added to the cells. Following an additional 48 hours of incubation,
the cells were trypsinised, and counted with a cell viability analyser (Vi-cell XR,
Beckman Coulter). A series of ethanol solutions (4%, 5% and 7.5%) (v/v) was
used as positive controls to confirm the validity of the assay. However, only
7.5% ethanol was showed in the results for comparison purposes. The negative
control used was saline. The percentage cell growth inhibition was calculated by

the following equation:

number of cells in sample dish
% Cell growth inhibition = ] = x100 (3.3)
number of cells in media control dish

3.2.5. Fabrication of PVA-Tyr hydrogels

Dried PVA-Tyr was dissolved in DPBS at 80 °C. Upon complete
dissolution, the polymer solution was cooled to RT and the initiators, Ru and
persulphate were added to the solution. The macromer solution was then placed
into silicon moulds on a glass slide and covered with a cover slip. The samples
were then irradiated under visible light (Blue wave 200, Dymax Co.) in a closed

system. The light was irradiated through a light filter where only light of the

58



Chapter 3: Synthesis of phenolated PVA and hydrogel fabrication using ruthenium/persulphate
initiating system

wavelength 400 — 450 nm was allowed to pass through. A variety of initiator
combinations and irradiation conditions were studied. The total macromer

content in the hydrogels was kept at 20 wt%.

3.2.5.1. Swelling and mass loss analysis

Directly after polymerisation, all samples were weighed for the initial wet
mass (Minitiar, o) and three samples were immediately lyophilised to obtain their
dry weights (mary 10). The actual macromer concentration was calculated based on
the equation below:

mdry t0
% macromer = ————  x100 (3.4)
L'nitiall t0

These samples were then submerged in a sink of DPBS and incubated in an
orbital shaker at 37 °C. Samples were removed from the incubator after 1 day,
blotted dry and weighed (Mswolien). The swollen samples were then freeze-dried
and weighed again (mgy). The mass swelling ratio (g) and mass loss were

calculated as follows:

Mswollen (3.5)
1=
M gry — Mgyy
mass loss % = — x 100 (3.6)
mil dry

The sol fraction of the hydrogels is equal to the mass loss at 1 day, as it has been
shown that in these types of PVA gels any polymer chains not attached to the

network will diffuse out of the sample in this timeframe [9, 22, 202, 244].
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3.2.5.2. Photo-kinetics of Ru/persulfate system
The light attenuation as a function of sample depth is given by the Beer-Lambert

law [273]:

3.7
I =lyx e &7

Where, I = incident light intensity at the sample surface.

€ = molar absorption coefficient of the photoinitiator (1.46 x 10* M™*cm™ for

Ru** at 450 nm [274]).
¢ = photoinitiator concentration.

z = curing depth.

3.2.6. Statistical analysis

All samples for each swelling and mass loss study were prepared in
triplicates, and each study was repeated three times. Two-way ANOVA was used
to determine the significance for the sol fraction, mass loss and swelling ratio

using Minitab 15 statistical analysis software.
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3.3. Results and discussion

3.3.1. Synthesis of phenolated PVA

In this study, two routes of chemical synthesis were proposed to obtain
phenolated PVA (Figure 3.2). Both routes were designed based on previous
studies in the literature, where phenolic moieties were conjugated onto synthetic
polymers such as PEG, PEO and PPO [270, 272]. The carboxyl-amine
condensation reaction was utilised in both routes. It was also noted that the
phenolated PVA proposed from both routes contain ester linkages (Figure 3.2),
which are potentially hydrolytically degradable. However, the potential
degradation behaviour of these macromers is not the focus of this chapter, and

will be explored in Chapter 4.

3.3.1.1. Synthesis of PVA-HY and PVA-HBA (Route 1)

PVA-HY was successfully synthesised according to a protocol adapted
from Alves et al [57]. Firstly, the hydroxyl groups of the PVA were activated
with CDI. Glycine ester hydrochloride was then added to convert the hydroxyls
into functional ester moieties. TEA was also included in the reaction to neutralise
the hydrochloride salt, followed by the addition of hydrazide monohydrate to
convert the esters into hydrazide groups. However, the conjugation of hydrazide
groups onto the PVA backbone could not be confirmed with NMR, as the signals
corresponding to the hydrazide groups were not detectable in the spectra (Figure
3.4A). This result agrees with the literature, where the peaks of the methylene
groups of the conjugated hydrazide groups might overlap with the methylene
protons of the PVA backbone [57]. Hence, PVA-HY was further reacted with

formaldehyde to derivatise the hydrazide to hydrazone groups. This conversion
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resulted in the appearance of peaks corresponding to the vinyl groups of PVA-
Hydrazone in the 6.2 - 6.5 ppm and 6.7 - 6.9 ppm region (Figure 3.4B). The
percentage conjugation was calculated based on the comparison of the area under
these two peaks to the peaks of the PVVA backbone. It was calculated that there
were 7 hydrazide groups per PVA chain. This result showed a reaction efficiency
of 100%, where the resultant number of functional groups attached was

equivalent to the number of functional groups that were targeted.
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Figure 3.4: 'H NMR spectra of macromers in D,O: A) PVA-HY; B) PVA-

Hydrazone.

After obtaining PVA-HY, HBA was conjugated onto the hydrazide
groups using a conventional DCC/NHS coupling reaction. The carboxyl groups
of HBA was firstly activated using DCC and stabilised using NHS. An insoluble

by product, dicyclohexylurea was formed, as an indication of the successful
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activation of the carboxyl groups. PVA-HY was then added to the activated HBA
and left to react for 24 hours at RT. However, the reaction solution was observed
to crosslink into a solid opague gel (Figure 3.5). It was hypothesised that during
the formation of PVA-HBA, the newly formed carbonyl groups could react with
remaining PVA-HY in the flask, forming hydrazone bonds that led to
crosslinking of the solution (Figure 3.6) [57, 275]. Since the reaction was

unsuccessful, further studies on Route 1 were discontinued.

NS

Figure 3.5: Solidification of PVA-HBA synthesis: A) Crosslinked reaction

product in round bottom flask; B) Crosslinked reaction product in a petri dish.

Carbonyl Hydrazide Hydrazone bond Water

Figure 3.6: Schematic of hydrazone formation between carbonyl groups of PVA-

HBA and hydrazide groups of PVA-HY (Adapted from [275]).
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3.3.1.2. Synthesis of PVA-COOH and PVA-Tyr (Route 2)

The synthesis of PVA-Tyr was performed in two steps (Figure 3.2).
Firstly, the hydroxyl groups of PVA were reacted with SA in the presence of
TEA to obtain PVA-COOH. 'H NMR spectra confirmed the conjugation of
carboxyl groups onto PVA backbone (Figure 3.7A). The % conjugation was
quantified to be 2%, where approximately 7 carboxyl groups were grafted on a
PVA chain. This result yielded an efficiency of 100%, which is similar to reports
in the literature [271, 276, 277]. The carboxyl groups were then treated with
DCC and NHS to form activated ester moieties that were able to react with the
amine group of Tyr. Similarly, H NMR confirmed the successful
functionalisation of Tyr groups, with the appearance of two peaks between 6.5

and 7.5 ppm, which were corresponding to the aromatic ring of Tyr (Figure 3.7B).
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Figure 3.7: *H NMR spectra of macromers in D,O: A) PVA-COOH; B) PVA-Tyr.
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It has been previously reported in the literature that the carboxyl-amine
coupling reaction was not 100% efficient, and excess DCC/NHS was required to
drive the reaction [190, 271, 278]. By varying the feed ratio of DCC/NHS to the
amount of carboxyl groups grafted on the PVVA backbone, it was observed that in
order to obtain complete conversion of carboxyl to Tyr groups, the number of
moles of DCC/NHS required is 3 times equivalent to the number of moles of
carboxyl groups on the PVA chain (Table 3.1). This result agrees with the
literature, where excess amount of DCC/NHS was needed to conjugate Tyr
groups onto PEO-PPO block copolymers [271]. Similarly, Benoit et al. also
showed that carbodiimide/NHS was used in 10 times excess to couple aminated

fluorescent labels to carboxyl groups of peptides [278].

Table 3.1: Number of Tyr/PVA chain and reaction efficiency (%), corresponding
to the amount of DCC/NHS added to the reaction.

Moles equivalent of

PCCNHS 0 CoOH M Y
11 5 71.4
151 55 28.6
2:1 6 85.7
2.5:1 6.5 92.9
31 7 100
351 7 100
4:1 7 100
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3.3.2. L929 cell growth inhibition assay

As the overall objective of this research is to use these systems as tissue
engineering matrices, the cytotoxicity of the synthesised macromers (PVA-
COOH and PVA-Tyr) is a vital piece of information, and was initially evaluated
by the L929 cell growth inhibition assay. This assay showed relative low cell
growth inhibition for the macromer samples as compared to the positive control
(ethanol 7.5%, Figure 3.8). Statistical analysis showed that there were no
significant differences between the negative control (saline), unmodified PVA,

PVA-COOH and PVA-Tyr, in terms of inhibiting L929 cells growth (Figure 3.8).

100-

o)) @
e e

Cell growth inhibition (%)
F Y
o

20+
0- I
Saline  Ethanol 7.5% PVA PVA-COOH  PVA-Tyr
-20-

Figure 3.8: Cell growth inhibition of synthesised macromers. No significant

differences (p>0.05) were observed between saline, PVA, PVA-COOH and PVA-

Tyr.

Previous studies have shown that chemically grafting functional groups

such as ester acrylates and methacrylates onto PVA resulted in a slight increase
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in toxicity as compared to unmodified PVA [9, 72, 244]. However, this
phenomenon was not observed for the macromers examined in this study, and
might be due to the fact that both carboxyl and Tyr groups are known to be
present in native biological molecules, such as proteins. Amino acids, which are
basic building blocks of proteins, are known to be composed of carboxyl groups
[255, 279] and Tyr is a derivative of tyrosine, which is also a naturally occurring
amino acid [280]. Hence, it was hypothesised that the conjugation of these two

groups onto PVA would not raise any significant toxicity issues.

3.3.3. Fabrication of PVA-Tyr hydrogels

The next step was to crosslink PVA-Tyr into hydrogels. It was
hypothesised that the Tyr groups conjugated onto the PVA backbone could be
crosslinked using a system that has only been previously applied to protein
crosslinking. In brief, the Tyr groups will form covalent bonds (C-C or C-O-C)
when exposed to visible light in the presence of Ru and persulphate (Figure 3.9).
Several irradiation conditions have been used in the literature for this type of
crosslinking. The light intensities ranged from 15 mW/cm? to 3000 mW/cm?
whereas the irradiation time could be as short as 20 seconds to as long as 1.5
hours [252, 254, 263, 264]. Moreover, different types of persulphates have also
been used as the electron acceptor component of this photo-crosslinking system
[252, 264]. Hence, this section focuses on using different irradiation conditions

to fabricate PVA-Tyr hydrogels.
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Ru/Persulphate

——
Visible light

PVA-Tyr hydrogel

Figure 3.9: Schematic of PVA-Tyr crosslinking using Ru/Persulphate initiating

system.

3.3.3.1. Comparison between APS and SPS

For this study, the irradiation conditions were kept constant at 15
mW/cm? and 3 minutes. As previously stated in the literature, two types of
persulphates (APS and SPS) has been used in combination with Ru to crosslink
proteins [252, 264]. However, the difference between these two persulphates, in
terms of crosslinking efficiency, has never been reported. Hence in this study,
both persulphates were used and compared. The concentration of 2 mM Ru/20
mM persulphate has been previously reported to successfully fabricate protein

gels, and this was chosen as the starting point of this study [264].
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Table 3.2: Sol fraction and mass swelling ratio, q of PVA-Tyr hydrogels
fabricated

(;!Il\J/I) (QPI\% (SmPl\i) Sol fraction (%) Mass swe:;ing ratio,

2 20 - no gel

2 40 - no gel

2 60 - 53579 14.8 + 3.8
2 80 - 49.7+3.0 13.3+15
2 - 20 25.6+4.38 9.71+£0.5
2 - 40 16.8 £ 3.6 9.40+0.2
2 - 60 17.8+3.3 9.69+0.3
2 - 80 23.5%+4.3 9.26+11

No gel was formed using APS at 2 mM Ru/20 mM APS and 2 mM Ru/40
mM APS. However, substituting APS with SPS successfully fabricated PVA-Tyr
gels at these concentrations. 2 mM Ru/20 mM SPS and 2 mM Ru/40 mM SPS
created hydrogels with sol fraction of 25.6 + 4.8% and 16.8 *+ 3.6% respectively.
This result demonstrated that APS and SPS were distinctly different in terms of
catalysing this crosslinking reaction. The persulphate anion acts as an electron
acceptor during the photo-oxidation of Ru**, allowing creation of tyrosyl radicals
by Ru**, thus forming covalent crosslinks. Both APS and SPS have been reported
to have similar electron accepting ability and there are no studies in the literature
that compared the efficiency of these two persulfates in this crosslinking reaction.
However, it was previously reported that phenolic amino acids such as histidine
facilitates deprotonation of ammonium (NH;") ions [281]. Therefore it was
speculated that the presence of phenolic moieties such as tyramine in the system

might cause deprotonation of NH,", forming ammonia (NHs) and protons (H"),
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It was then hypothesised that the protons (H") generated would affect the overall
pH of the solution, thus decreasing the crosslinking efficiency. It was also
previously reported in the literature that antioxidants such as ascorbic acid
neutralise free radicals by donating H" ions to the free radicals [282]. Therefore,
it was further speculated that the produced H* might have also quenched the

radicals required to crosslink PVA-Tyr during the photo-oxidation.

On the other hand, increasing the concentration of both persulphates did
not significantly affect the sol fraction of the PVA-Tyr gels. For APS, although
PVA-Tyr hydrogels were only able to be successfully crosslinked at the higher
concentrations of 60 mM and 80 mM, the fabricated gels had similar sol fractions
of ~50% (Table 3.2). Similarly, increasing the concentration of SPS yielded
hydrogels of similar sol fractions to each other, however these were in the range
of 16 — 25% (Table 3.2), which is significantly lower than the APS gels. This
result agrees with previous findings where the persulphate was just an electron
acceptor and does not take part in the crosslink formation. Although there was
speculation that the sulphate radicals dissociated from the persulphate might also
contribute to the formation of tyrosyl radicals, a study conducted by Fancy et al.
showed that quenching the sulphate radicals with ethanol did not affect the
crosslinking process [252]. Moreover, these sol fraction values are similar to
other chemically modified PVA with the same macromer content (20 wt%). For
example, UV polymerised methacrylated PVA (PVA-MA) had a sol fraction
around 20% [244], while acrylated PVA crosslinked through redox initiation had

a sol fraction less than 30% [283].

The mass swelling ratio (q) showed that hydrogels with higher sol

fraction had larger amount of water in the network. This result agrees with
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previous findings where a less crosslinked network (higher sol fraction) allows
more water to be entrapped in the network. The g of the PVA-Tyr gels fabricated
using SPS was around 9, which was slightly higher than PVA-MA hydrogels (q
= 6) [244]. This observation might be due to the difference in the crosslinking
mechanism between the two systems. PVA-MA is a radical chain polymerization
where upon photo-initiation radicals propagate through the methacrylate groups
forming new Kinetic chains. Whereas for the newly synthesised PVA-Tyr, the
network was formed through the coupling of the Tyr groups [252, 254, 262].
This difference could result in larger mesh size in the PVA-Tyr hydrogels, hence
the higher water content and increased g. Overall the initiator concentration 2
mM Ru/20 mM SPS was sufficient to produce hydrogels of good quality, and

was chosen for all further experiments.

3.3.3.2. Irradiation conditions determination for crosslinking PVA-Tyr

It was previously reported in the literature, that light intensities ranging
from 15 mW/cm? to 3000 mW/cm? were used to crosslink proteins. However,
these irradiation conditions have only been applied to proteins and not synthetic
polymers. In this section, a range of light intensities and exposure times was
examined. From a biomedical stand point, weaker light intensity and shorter
exposure time correlate to a smaller irradiation dosage, and are therefore
theoretically safer for use in tissue engineering applications [284, 285]. Hence,
the aim was to find minimal light intensity and exposure time that was required

to form high quality PVA-Tyr hydrogels.

Fancy et al showed that an exposure time as short as 30 seconds was

enough to crosslink fibrinogen and gelatin [254, 264]. This phenomenon was
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also reflected in this study, where PVA-Tyr gels were successfully fabricated
after 30 seconds. However, the minimum light intensity required was 10mW/cm?,
as no gel was formed with 5 mW/cm? (Table 3.3). Increasing the light intensity
to 15 mW/cm® and 20 mW/cm® caused a decrease in sol fraction. This
phenomenon has also been shown previously in the literature, where higher light
intensities resulted in greater polymerisation rate, which lead to more crosslinks
formed from acrylated and methacrylated macromers [286-288]. It was
postulated that in this study that the rate of Ru** generation escalated with the

light intensity, causing more di-tyrosine and ether crosslinks formation.

Table 3.3 Sol fraction (%) of PVA-Tyr gels irradiated for 30 seconds at different

intensities

Intensity (mW/cm?)  Sol fraction (%)

5 No gel

10 56.2+4.4
15 30.1+25
20 29.2+3.1

According to Figure 3.10, there is a general trend where the sol fraction
decreases with increasing exposure time for all intensities tested, reaching a
plateau of around 16 - 22% sol fraction. The number of tyramine groups that are
reported is a calculated average based on the assumption that the molecular
weight of PVA is 16 kDa. Therefore, fractions of PVA may have no tyramine
groups attached and other PVA chains will have more tyramine groups that

reported. This variation is partially responsible for the sol fraction (16 ~ 22%).
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This range of sol fractions is comparable to other studies done on similar
polymers. For example, previous studies done on methacrylated PVA hydrogels
using the same unmodified PVA as starting material and having similar number
of functional groups/chain (7 methacrylates/PVA) have been reported to have sol
fraction of ~20% [9, 200]. Lower light intensities require longer exposure time to
achieve the minimal sol fraction, where both 5 mW/cm? and 10 mW/cm?
required around 7.5 minutes to obtain completely crosslinked PVA-Tyr
hydrogels. On the other hand, the sol fraction for PVA-Tyr gels fabricated from
both 15 mW/cm? and 20 mW/cm? plateaued around 3 minutes. This result is due
to higher light intensities provide more energy to activate Ru?*, which
subsequently generates tyrosyl radicals at a faster rate, thus leading to formation
of the hydrogel network at a higher efficiency. Another explanation for the
variation in sol fraction is related to the amount of light that is available for the
polymerisation throughout the entire thickness of the sample. It has been
reported that the amount of irradiated light varies with the depth of
polymerisation [273]. In this study, it was calculated that for incident light
intensity of 5 mW/cm? at the sample surface, only 0.27 mW/cm? remains at the
bottom of the curing depth. Comparatively, 1.08 mW/cm? of light still remains at
the bottom of the sample for 20 mW/cm? light intensity at the sample surface.
Therefore, it was hypothesised that longer curing time may be required for the
lower incident light intensities at the sample surface to achieve complete

crosslinking of the PVA-Tyr gels.
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Figure 3.10: Sol fraction (%) of PVA-Tyr hydrogels as a function of exposure

time (min) at different visible light intensities.

74



Chapter 3: Synthesis of phenolated PVA and hydrogel fabrication using ruthenium/persulphate
initiating system

3.4. Conclusion

This chapter has demonstrated the synthesis of phenolated PVA using a
conventional DCC/NHS system. The resulting PVA-Tyr could be crosslinked
into hydrogels using the visible light initiated Ru/persulphate system that has
previously only been used for protein-protein crosslinking. Comparison done
between APS and SPS showed that the latter is more suitable to be used in
combination with Ru to fabricate PVA-Tyr hydrogels. The initiators
concentration of 2 mM Ru/20 mM SPS, and irradiation conditions of 15
mW/cm2 and 3 minutes, were studied to produce good quality PVA-Tyr gels.
Moreover, it was also noted that the synthesised PVA-Tyr has ester linkages
which may be hydrolysable. Hence, the next chapter will focus on evaluating the
degradability of PVA-Tyr hydrogels, as well as understanding and tailoring the

degradation of the gels.
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Understanding and Tailoring the

Degradation of PVA-Tyramine Hydrogels
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4.1. Introduction

A major consideration in cell encapsulation for tissue engineering
applications is the hydrogel degradation behaviour. Degradation can be either
enzymatic or hydrolytic, depending on the type of degradable linkages present in
the crosslinked network. The majority of hydrogels designed to degrade via
hydrolysis contain ester linkages located either in the crosslink or the backbone
of the hydrogel. For example, polylactic acid (PLA), polyglycolic acid (PGA)
and their copolymer, poly(DL-lactic acid-co-glycolic acid) (PLGA) have been
incorporated into a range of hydrogels and are hydrolysable via their ester
linkages [135, 289, 290]. Acrylated poly(ethylene glycol) (PEG) hydrogels that
are known to be non-degradable have been shown to be hydrolysable when PLA
was introduced between the PEG backbone and acrylate end groups [193, 291].
Hydrogels fabricated from PLA-PEG-PLA triblock copolymers had degradation
rates that were dependent on the length of the PLA segments. Wang et al.
showed that faster degradation occurred with increasing length of PLA segments
[291]. Other hydrolytically degradable polymers such as poly(e-caprolactone)
(PCL) and poly(propylene furmarate) (PPF) were also copolymerised with PEG
to form degradable hydrogels [292, 293]. Both Martens et al. and Mawad et al.
reported that by incorporating ester groups into acrylate crosslinks conjugated

onto PVA, the resultant hydrogels were hydrolytically degradable [72, 97, 294].

The mechanisms of ester bond hydrolysis have been extensively studied
in the literature. It was found that at different conditions (i.e., neutral, acid and
base) the esters undergo different hydrolysis mechanisms. In case of neutral
hydrolysis, a water molecule extracts a hydrogen atom from another water

molecule, releasing hydroxide ions, which eventually attacks the carbonyl carbon
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of the esters [295]. Base-catalysed hydrolysis is very similar to neutral hydrolysis,
where the abundant hydroxide nucleophiles present in the environment initiate
the ester bond hydrolysis [296, 297]. On the other hand, during acid-catalysed
hydrolysis, the ester carbonyl is firstly protonated to make it more electrophilic
to react with water [298]. Although all three hydrolysis mechanisms are different,
similar end products, a carboxylic acid and an alcohol, are obtained (Figure 4.1)
[299]. Bergmann et al. showed that the rate of ester hydrolysis is pH dependent,
where the rate increases with the acidity or alkalinity of the environment [300]. It
has also been reported that heat can accelerate the hydrolysis rate by providing
more energy to the reactants to overcome the activation energy required to

initiate the hydrolysis reaction [295, 296].

Figure 4.1: Hydrolysis of ester bonds.

The hydrolysis kinetic of the ester bonds also varies depending on the
chemical structure of the ester [6, 301], as well as other factors such as polymer
crystallinity and wettability [302]. It was reported that ester bonds associated
with PLA degrades much more rapidly than ester linkages of PCL [1, 112].
Moreover, changes made to the polymer structure and size may also affect the
degradation. For example, bulk PLA has been shown to degrade in both acidic
and basic environments, whereas PLA brushes only degrade in basic conditions
[303, 304]. Conversely, other studies of crosslinked polymers containing esters

in the crosslink have demonstrated that their gels are non-degradable on the time
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scales studied. Hennink et al. have reported that dextran hydrogels with high
crosslinking density were resistive to hydrolysis despite having an ester group in
the crosslinks [305]. Hydrogels formed from PVA conjugated with an ester
containing methacrylate moiety were also not hydrolytically degradable [244,

306].

Another important parameter of the design of hydrogel matrices for tissue
engineering application is the hydrogel degradation rate. It has been previously
reported that the rate of degradation must match the secretion of newly
synthesised ECM [1]. Typical mesh sizes of PEG and PVA gels used for cell
encapsulation ranged from ~40 to 200 A, which are significantly smaller than the
size of a cell (e.g., mammalian stem cells are ~30 um) [1, 19, 92, 202, 307]. As
the gel degrades, the mesh size increases, thus allowing the migration of
encapsulated cells and ECM secretion [77]. If degradation occurs too slowly,
there will be an accumulation of ECM in the peri-cellular region [1, 18]. This
accumulation may affect cell behaviour and the type of tissue produced due to
masking of intracellular signals required for tissue growth [1, 18, 308]. On the
other hand, if degradation occurs too quickly, the hydrogel will dissolve and cells
will leach out of the scaffold [1]. The degradation rate of hydrogels can be
tailored according to the number of degradable linkages, degree of crosslinking
and the rate constant for hydrolysis [294]. Martens et al. successfully tailored the
degradation of PVA ester acrylate gels from 1 to 12 to 35 days by varying the
macromer concentration from 10 to 15 to 20 wt% respectively [294]. Moreover,
increasing the crosslinking density of the PVA ester acrylate gels from 0.3 to
0.64 mol/L by fabricating the gels using macromers of different molecular

weights also increased the degradation time from 12 to 45 days [294].
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As noted in Chapter 3, the synthesised PVA-Tyr macromer has ester
bonds which may be hydrolytically degradable. Therefore, this chapter will focus
on understanding the degradation behaviour of the fabricated PVA-Tyr hydrogels.
The aims were to determine if the gels were actually degradable, and if so,
characterise the degradation profiles of PVA-Tyr hydrogels in various incubation
conditions (pH and temperature), as well as tailoring the degradation rate by
changing the hydrogel macromer content. Moreover, in order to use this system
as cell encapsulation matrices, the cytotoxicity of the degradation products was

also examined.
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4.2. Experimental

4.2.1. Materials

Poly(vinyl alcohol) (PVA) (13-23 kDa, 98% hydrolysed), succinic
anhydride (SA), triethylamine (TEA), 1,3-Dicyclohexylcarbodiimide (DCC), N-
hydroxysuccinimide (NHS), tyramine (Tyr), sodium persulphate (SPS), 1,1-
carbonyldiimidazole (CDI), tris(2,2-bipyridyl)dichlororuthenium(ll) hexahydrate
(Ru(Il)bpys?"), deuterium oxide (D,O), molecular sieves (4 A), Dulbecco’s
phosphate buffered saline (DPBS), dialysis tubing (10 kDa molecular weight cut-
off), Eagle’s minimum essential media (EMEM), trypsin, fetal bovine serum
(FBS), and penicillin streptomycin (PS) were purchased from Sigma-Aldrich and
used as received. Dimethyl sulfoxide (DMSO) was bought from Ajax Chemicals
and was dried over 4 A molecular sieves. Hydrogel disc moulds were made from
silicone sheets (Silastic®Sheeting, reinforced medical grade silicone rubber,

Dow Corning).

4.2.2. Macromer preparation

4.2.2.1. Synthesis of PVA-Tyr
PVA-Tyr was synthesised as outlined in Chapter 3. The PVA-Tyr used in

this chapter was characterised to be 2% tyraminated (7 Tyr per PVA chain).

4.2.2.2. Fabrication of PVA-Tyr hydrogels
Dried PVA-Tyr was dissolved in DPBS at 80 °C. Upon complete
dissolution, the polymer solution was cooled to RT. The initiators (Ru and SPS)

were then added to the solution. The macromer solution was then scooped into
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silicon moulds (5 mm diameter x 1mm thick) sandwiched between two cover
slips. The samples were then irradiated under visible light of 400 — 450 nm (Blue

wave 200, Dymax Co.).

4.2.3. Swelling and mass loss analysis

Directly after polymerisation, all samples were weighed for the initial wet
mass (Minitial, o) and three samples were immediately lyophilised to obtain their
dry weights (mary 10). The actual macromer concentration was calculated based on

the equation below:

mdry to
% macromer = ——————~ x100 (4.1)
Minitial t0

These samples were then submerged in a sink of saline solution and incubated.
Samples were removed from the incubator after 1 day, blotted dry and weighed
(Mswollen). The swollen samples were then freeze-dried and weighed again (Mary).

The mass swelling ratio (g) and mass loss were calculated as follows:

q= Mswolien (42)
Mry

mt’ dry — Mgyy

mass loss % = x 100 (4.3)

M, ary
The sol fraction is given by the mass loss at 1 day, where previous studies
conducted in the lab have shown that non-crosslinked polymers will dissolve out
from the hydrogel network (incubated in 37 °C and DPBS) within this time
frame [9, 244]. Images of the gels were taken using the Leica M80 stereo

microscope at 0.75x magnification. The samples were monitored daily until
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complete degradation was observed. The time required for complete degradation

was measured.

The effective macromer percentage at day 1 was calculated by the equation

below:

. Mary, t=1 (4.4)
Effective macromer percentadge = ———————0m— x 100
mswol]en, =1

The crosslinking density (px) was calculated using the equations below [202,

309]:
1 _ 2 @/V)[In0 = vy) +va + V3] (4.5)
MC MTl UZ,S % 1 U2‘5
Y2r (Uz,r) 2 (Uz,r)
1
a1/2 . 2M. 2
" =157 ¢ (4.0)
~1/3,_
F=v 2.5/ (F2)1/2 (4.7)
R (4.8)
px - GE
Where;

Mc: Number average molecular weight between crosslinks

Mn: Number average molecular weight in the absence of any crosslinking (16000

g/mol for PVA)
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v: The specific volume of the polymer (0.788 for PVA)

V1: The molar volume of the solvent

V2. The equilibrium polymer volume fraction

vy . The polymer volume fraction after crosslinking but before swelling
(r$)/2: End to end distance of the unperturbed (solvent free) state

x: The polymer solvent interaction (0.49 for PVA in water)

I: The bond length (1.54 A for PVA c-c bond)

M;: Molecular weight of the repeating unit (44 for PVA)

Cn: The characteristic ratio (= 8.9 for PVA)

The assumptions associated with these equations are: tetrafunctional arrangement
of the crosslinks, Gaussian distribution of the crosslinked polymer chains, and
the formation of an ideal network (no cyclisation and chain interaction) [19,

110].

4.2.4. Recovery of PVA-Tyr macromers post hydrolytic degradation

20 wt% PVA-Tyr hydrogels were completely degraded at physiological
conditions (pH = 7.4 and 37 °C). The degradation solution was then dialysed (10
kDa molecular weight cut-off) against water, freeze-dried, and characterised by

'H NMR.
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4.2.5. Effect of different incubation conditions on degradation of PVA-Tyr

hydrogels

4.2.5.1. Effect of pH on hydrolytic degradation of PVA-Tyr hydrogels

Fabricated 20 wt% PVA-Tyr hydrogels were immersed in various pH
saline solutions of (2, 6, 7.4, 10 and 12), then incubated at 37 °C. The mass loss
and mass swelling ratios of the gels were calculated using equations 4.1 — 4.3.
The pH was measured at time points 1, 3, 7, 10, 14 and 21 days. No changes in
pH were observed, indicating that the degradation products did not affect the

overall pH of the solution.

4.2.5.2. Effect of temperature on hydrolytic degradation of PVA-Tyr hydrogels
Fabricated 20 wt% PVA-Tyr hydrogels were immersed in DPBS (pH=7.4)

and incubated at various temperatures (20, 30, 37, 50 and 60 °C). At the pre-

determined time points, the mass loss and mass swelling ratios of the samples

were calculated using equations 4.1 - 4.3.

4.2.6. Effect of varying macromer concentration on physical properties of

PVA-Tyr hydrogels

4.2.6.1. Tailoring the degradation of PVA-Tyr hydrogels

PVA-Tyr hydrogels of 10, 15 and 20 wt% were fabricated as outlined in
section 4.2.2.2. The sample names correspond to the nominal initial wt% of the
gels (e.g., 10% PVA-Tyr). The gels were then immersed in DPBS (pH = 7.4) and
incubated at 37 °C. Equations 4.1 — 4.3 were used to calculate the mass loss and

mass swelling ratios corresponding to the fabricated samples.
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4.2.6.2. Compression testing

The mechanical properties of the PVA-Tyr hydrogels were characterised
using unconfined uniaxial compression testing at room temperature. Samples (5
mm diameter X 1 mm thick) were immersed in DPBS and incubated at 37 °C. At
pre-determined time points (0, 1, 3, 7 and 10 days) the samples were removed
from DPBS and compressed at a strain rate of Imm/min using an Instron 5543
mechanical tester. The slope of the linear regression of the stress-strain curve

generated within 5 - 15% strain was used to calculate the compressive modulus

(K).

4.2.7. 1929 cell growth inhibition assay

Degradation samples were prepared by immersing fabricated 20% PVA-
Tyr hydrogels in media at 1.5 cm?/mL. At various time points (1, 7 and 21 days),
the degradation products were collected. The positive control used in this study
was latex, and the negative control was saline. Murine dermal fibroblasts (L929)
were cultured in EMEM supplemented with 10% FBS and 1% PS. 5x10*
cells/mL were seeded onto 35mm diameter tissue culture dishes. After 24 hours
of incubation at 37 °C in a 5% CO, humidified atmosphere, the media was
discarded and 1mLI of sample solution was added to the cells. Following an
additional 48 hours of incubation, the cells were trypsinised, and counted with a
cell viability analyser (Vi-cell XR, Beckman Coulter). The percentage cell

growth inhibition was calculated by the following equation:

number of cells in sample dish
% Cell growth inhibition = 1 = X 100 (4.9)
number of cells in media control dish
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4.2.8. Statistical analysis

All samples for each swelling and mass loss study were prepared in
triplicates, and each study was repeated three times. Two-way ANOVA was used
to determine the significance of the results using Minitab 15 statistical analysis

software.
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4.3. Results and discussion

4.3.1. Understanding the mechanism of PVA-Tyr hydrogels degradation

It was hypothesised that PVA-Tyr hydrogels would be hydrolytically
degradable due to the presence of ester bonds in the macromer. By immersing the
fabricated 20% PVA-Tyr hydrogels in PBS (pH = 7.4) at 37 °C, it was observed
that the hydrogel degrades completely within 19 days (see section 4.3.2. for the
full degradation profile). *H NMR was conducted to determine the degradation
mechanism. Comparison of the degraded polymer spectra with the originally
synthesised macromers clearly illustrates that the original PVA is regenerated.
The signals corresponding to tyramine (indicated by arrows) conjugated onto
PVA were below the NMR detection limit (less than 1% remains) in the
degraded polymer spectra (Figure 4.2). This result further supports the hydrolytic

degradation of the ester bonds which are directly next to the PVA backbone.

A TR b

Figure 4.2: *H NMR spectra of macromers in D,O: A) PVA-Tyr; B) Degradation

products post dialysis against water (>10 kDa).
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4.3.2. Degradation of PVA-Tyr hydrogels at different incubation conditions

4.3.2.1. Effect of pH on degradation profile of PVA-Tyr hydrogels

The behaviour of PVA-Tyr hydrogels at neutral, acidic and basic
conditions was examined. Surprisingly, it was observed that the PVA-Tyr gels
did not degrade in acidic environments (pH =2 and 6, Figure 4.3), and the mass

loss remained constant in the range of ~20% to 30% throughout the study.
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Figure 4.3: Mass loss profiles of PVA-Tyr gels at different pH. Temperature was
kept constant at 37 °C. No significant differences (p<0.05) were observed
between samples in pH 2 and 6 for all time points. The samples in pH 7.4, 10 and

12 were statistically different for all time points (p>0.05).

It was believed that this initial loss corresponds to the non-crosslinked
macromers (sol fraction) diffusing out from the gel, and agrees with previous sol

fraction values reported in Chapter 3 (25.6 + 4.8%). At pH = 7.4, hydrogel
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degradation occurred with a linear degradation profile where the gels completely
dissociated within 18 days. In a basic environment the degradation was
accelerated, where the samples were completely degraded within 5 and 1 day at

pH =10 and 12, respectively (Figure 4.3.).

This result was unexpected as it has been shown that increasing acidity or
alkalinity resulted in faster hydrolysis rates for carboxylic ester and phosphoester
groups [295, 300]. Conversely, the PVA-Tyr hydrogels in this study only
degraded in pH > 7.4. This observation suggests that although degradation
occurred at the ester bonds present in the hydrogel network, other chemical
groups around the ester bonds, such as the aromatics/phenols of the tyramine
moieties might have affected the hydrolysis. Ghandehari et al. also showed that
hydrogels containing azoaromatic crosslinks were stable in acidic environment
but degradable in basic conditions [310]. It was speculated that these gels had
low levels of ionisation in an acidic environment which hindered the accessibility
of the degradable bonds, thus no degradation occurred [310]. Similarly,
hydrogels containing weak acid groups such as carboxylic acid were also
reported to be pH sensitive with higher ionisation levels in basic media compared
to acidic media [310-313]. For example, hyaluronic acid hydrogels crosslinked
through hydrazides were shown to be stable in acid but degradable in basic
environments due to the different ionisation levels of pendant carboxyl groups in
the network [312]. The higher ionisation level leads to greater water uptake into
the gels, which subsequently cause faster degradation [312]. As the pendant
phenol groups in PVA-Tyr are also weak acids, it was then hypothesised in this
study that the lack of ionisation in acidic solutions was the cause of the non-

degradable behaviour observed at pH < 7.4. This statement agrees with previous
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work done by Riegelman et al. where the degree of ionisation of the phenol
groups of phenylephrine and tyramine was shown to increase with pH [314].
Therefore it was speculated that more water was entrapped in the PVA-Tyr
hydrogels in basic conditions due to the higher ionisation level. The increment in

water uptake contributes to the faster degradation observed in this study.

Similarly, the mass swelling ratios (q) of PVA-Tyr hydrogels incubated

in acidic saline remained constant over the time period of the study (Figure 4.4).
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Figure 4.4: Mass swelling ratio, g of PVA-Tyr gels at different pH. The
temperature was kept constant at 37 °C. No significant differences (p<0.05) were
observed between samples in pH 2 and 6 for all time points. The samples in pH

7.4, and 10 were statistically different for all time points (p>0.05).

This result agrees with the mass loss study where no degradation occurred at pH

= 2 and 6. At pH = 7.4 and 10, it was shown that the g increases over time
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linearly as per the degradation profile. As the hydrogel is degrading, the
crosslinks are being cleaved leading to formation of larger mesh sizes that allow

more water to be imbibed in the network [315]. Similarly, the g in basic

conditions (pH = 10) are significantly higher when compared to physiological

7.4) at respective time points (Figure 4.4.). Once again, this

conditions (pH
observation is attributed to the faster degradation occurring in basic

environments.

The pH sensitive degradation of PVA-Tyr hydrogels highlights the
potential of using these hydrogels for oral specific drug delivery applications. For
example, at gastric pH ~1.4, the hydrogels are non-degradable. However, at
enteric pH ~7.4, degradation occurs and drugs loaded in the gels will be

gradually released permitting sustained and localised drugs delivery [316].

4.3.2.2. Effect of temperature on degradation profile of PVA-Tyr hydrogels
Next, the effect of temperature on the degradation of PVA-Tyr hydrogels
was examined. No sign of degradation was observed when the PVA-Tyr gels
were kept at 20 °C, where mass loss values were consistent with the sol fraction
percentage (~20% to 30%) for all the time points (Figure 4.5). When the
temperature was increased to 30 °C, a slow degradation was noted. Further
increasing the temperature to 37, 50 and 60 °C yielded linear degradation profiles
where the gels were all completely degraded within 19, 3 and 1 day, respectively

(Figure 4.5).
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Figure 4.5: Mass loss profiles of PVA-Tyr gels at various temperatures. The pH
was kept constant at 7.4. Statistical analysis was done on the regression of the

degradation profiles. All samples were statistically different (p<0.05).

These observations agree with the literature where ester hydrolysis at
neutral pH can be accelerated with heat. Xu et al. showed that PLA hydrogel
brushes degraded more rapidly at higher temperature [303]. Comisar et al. also
reported that hydrolysis rate constants of esters increase with temperature [298].
At elevated temperature, more thermal energy is provided to the system to
facilitate the hydrolysis of ester bonds, hence the faster degradation rate achieved

[296].

Again the swelling values correlate nicely with the mass loss data. The q
of PVA-Tyr gels remained constant (~10) at 20 °C, which was the temperature

where no degradation was observed (Figure 4.6). As degradation only started to
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happen when heat was applied to the system, the increase in q over time was also

only observed at elevated temperatures (30, 37, and 50 °C) (Figure 4.6).
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Figure 4.6: Mass swelling ratio, g of PVA-Tyr gels at different temperatures. The
pH was kept constant at 7.4. Statistical analysis was done on the regression of

the degradation profiles. All samples were statistically different (p<0.05).

4.3.3. Tailoring degradation of PVA-Tyr hydrogels by varying macromer
concentration

It has been shown in other systems that the degradation rates of hydrogels
can be tailored by altering the macromer content [89, 97, 294]. In this study, the
degradation profiles of 10%, 15% and 20% PVA-Tyr hydrogels were examined.
The pH (7.4), temperature (37 °C) and concentration of initiators (2 mM Ru/20

mM SPS) were kept constant for all three macromer contents.
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Firstly, the sol fraction of the fabricated hydrogels was evaluated. It was
shown that 10% PVA-Tyr has the lowest sol fraction (15% sol fraction),
followed by 15% PVA-Tyr (20% sol fraction) and 20% PVA-Tyr (22% sol

fraction) (Table 4.1).

Table 4.1: Physical properties of 10%, 15% and 20% PVA-Tyr hydrogels

Effective Crosslinking
. Mass .
Sol fraction macromer . density, py
Sample name o swelling 4
(%) percentage ratio (x10
(Wt%)* d mol/L)#
10% PVA-Tyr 149+27 12.2+0.6 8.14+056 295+0.19
15% PVA-Tyr 19.1+4.2 10.7+ 1.0 9.46+0.84 239+0.17
20% PVA-Tyr 21.4+34 10.0x0.7 10.1+0.77 211x0.13

* As determined from the mass loss and swelling at 24 hours (Equation 4.4)

# Calculated from the equations 4.5 -4.8

This result does not agree with the literature, where sol fraction has generally
been reported to decrease with increasing nominal macromer concentration [317].
Moeinzadeh showed that increasing the macromer concentration of poly(ethylene
oxide-co-lactide-glycolide acrylate) hydrogels from 10 to 25 wt% successfully
decreased the sol fraction from ~17 to ~7.6%. Kaihara et al. also indicated that
acrylated PEG based hydrogels with higher macromer concentrations had lower
sol fraction [318]. The effective macromer percentage, which is defined as the
ratio of the mass of crosslinked macromers in the hydrogel to the total mass of
the hydrogel (mass of crosslinked macromers and mass of water in the hydrogel)
after equilibrium swelling (1 day) was also calculated (Equation 4.4).

Interestingly, it was observed that the samples with the lowest nominal macromer
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concentration (10% PVA-Tyr) ended up with the highest effective macromer
percentage (~12 wt%), which was significantly different to both 15% and 20%
PVA-Tyr gels (~10 wt% effective) after equilibrium swelling (Table 4.1). This
observation indicates that after equilibrium swelling and sol fraction extraction,
the total amount of macromers in the 10% PVA-Tyr gels was higher than both
the 15% and 20% PVA-Tyr gels. Furthermore, the q of the fabricated samples
was also shown to increase with higher nominal macromer concentration (Table
4.1), which agrees with the trend observed for the sol fraction and effective
macromer percentage values. This result was further supported by the
macroscopic images of PVA-Tyr hydrogels taken straight after polymerisation
(before swelling, t = 0) and after 1 day of swelling. It was clearly seen that 10%,
15% and 20% PVA-Tyr gels had similar dimensions before swelling (Figure 4.7).
After 1 day, 20% PVA-Tyr hydrogels were observed to swell the most, as

compared to 15% and 10% PVA-Tyr gels (Figure 4.7).
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t=0

Figure 4.7: Macroscopic images of PVA-Tyr gels fabricated at t = 0 (before
swelling) and 1 day (after swelling); A = 10% PVA-Tyr; B = 15% PVA-Tyr;

C = 20% PVA-Tyr.

In order to better understand the structure of the network formed, the
crosslinking density which is known to directly correlate to the swelling
behaviour of the gels was calculated (Equations 4.5 - 4.8) [19, 88]. It was

determined that 10% PVA-Tyr hydrogels which had the lowest mass swelling
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ratio had the highest crosslinking density when compared to 15% PVA-Tyr and
20% PVA-Tyr gels (Table 4.1). In a tighter network (i.e., higher crosslinking
density) the mobility of the polymeric chains are more restricted, and thus less
water can be absorbed in the network [82, 87, 89]. Zustiak et al. showed that the
swelling of PEG based hydrogels decreased with increasing crosslinking density
[6]. Burdick et al. also reported that increasing crosslinking density of
methacrylated hyaluronan hydrogels resulted in smaller mesh size and lower
swelling [82]. Moreover, statistical analysis revealed that the crosslinking
densities were significantly different for all three compositions. Once again, this
result is contrary to previous studies published in the literature, where increasing
macromer concentration lead to decreased sol fraction and swelling, as well as

the formation of a more tightly crosslinked network [82, 89, 319].

The disagreement between the results obtained in this study and the
literature may be explained by the relative initiator concentration present in the
gels. As previously discussed in Chapter 3, the main component responsible for
the crosslinking reaction is the Ru. As the concentration of Ru was kept at 2mM
for all three nominal hydrogel macromer concentrations, the mol ratios of Ru to
Tyr functional groups were actually highest in the 10% PVA-Tyr gels followed
by 15% and 20% PVA-Tyr hydrogels. A sample calculation of the Ru to Tyr
functional groups ratios for 1 g of 20% PVA-Tyr hydrogel is described here. The
number of moles of Tyr functional groups can be calculated by the mass of PVA-
Tyr (0.2 g) divided by the molecular weight of PVA-Tyr (16000 g/mol), and
further multiplied by the number of Tyr groups per PVA chain (7). The ratio of
Ru to Tyr functional groups is then given by dividing the number of moles of Ru

with the number of moles of Tyr functional groups. The calculated values are
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0.46, 0.31 and 0.23 for 10%, 15% and 20% PVA-Tyr hydrogels respectively.
Hence, it can be speculated that at higher Ru:Tyr ratios the production of tyrosyl
radicals required for crosslink formation is more efficient, which resulted in a
more crosslinked network. Another explanation for the higher mass loss in the
higher nominal macromer concentrations is the differences in the viscosity of the
initial macromer solutions, which is known to impact on the reaction rate
constant [320]. During fabrication, it was clearly seen that the PVA-Tyr
macromer solutions’ viscosity dramatically increased with macromer
concentration (data not shown). This was not unexpected as it has previously
been shown that PVA solutions with higher concentrations have higher
viscosities [35, 110, 321, 322]. One hypothesis is that this increase in viscosity
reduced the crosslinking efficiency by affecting the mobility of macromer chains
and tyrosyl radicals produced during photo-polymerisation and thus limited the
crosslinking reaction. Moreover, higher amounts of tyramine groups present in
the higher nominal macromer concentrations can also lead to intramolecular
cyclisation, where crosslinks might be formed between tyramine groups on the

same PVA chain.

Mass loss studies revealed that 10%, 15% and 20% PVA-Tyr hydrogels
were completely degraded in ~ 27, 22 and 19 days respectively (Figure 4.8).
Once again, this phenomenon can be explained by the differences in the effective
macromer fraction and the crosslinking density of the fabricated gels.
Theoretically, the number of crosslinks formed is directly proportional to the
crosslinking density [15, 87, 323, 324]. Furthermore, the swelling capacity of the
gel also decreases due to the tighter network formed, causing the hydrolysable

ester bonds to be less accessible to water molecules [89, 97, 100, 325]. Hence,
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10% PVA-Tyr hydrogels which were determined to have the highest effective
macromer concentration (~12%) and to be the most crosslinked gel would be
expected to degrade at a slower rate compared to 15% and 20% PVA-Tyr (both
~10% effective gels). A study conducted by Burdick et al. showed that increasing
the crosslinking density of methacrylated hyaluronan hydrogels resulted in
longer degradation period [82]. Similarly, Martens et al. showed that increasing
the crosslinking density of PVA ester acrylate gels also resulted in slower
degradation [294]. Furthermore, Lee et al. revealed that tyraminated hyaluronan
hydrogels had a slower degradation rate when the crosslinking density was

increased [326].
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Figure 4.8: Mass loss profiles of 10%, 15% and 20% PVA-Tyr gels at
physiological conditions. No statistical significance was observed at time points
1, 3,5 and 7 days (p>0.05). 10%, 15% and 20% PVA-Tyr gels were significantly
different at 10 days (p<0.05). The time to complete degradation was also

statistically different for all three compositions (p<0.05).

Similarly, the mass swelling ratios of the gels followed the same trend as
the mass loss profiles (Figure 4.9). During degradation, the crosslinks in the
hydrogel are being cleaved, leading to a larger mesh and more water uptake
(increase in mass swelling ratio). 10% PVA-Tyr gels were found to exhibit a
lower mass swelling ratio at all the time points studied, followed by 15% and 20%
PVA-Tyr samples. This result is in accordance to previous sections where 10%
PVA-Tyr gels had the slowest degradation rate. Another possible explanation for
this observation is the different mol content of charged tyramine groups present

in the hydrogels of various macromer concentrations, as increasing the number of
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ionic groups in hydrogels has been reported to increase their swelling capacities
[327, 328]. Previous work done in our group has shown that incorporating
charged molecules, such as heparin and chondroitin sulphate, into the hydrogel
network caused an increase in swelling [9]. Durmaz et al. also showed that
increasing the ionic group concentration in polyacrylamide gels from 0 to 80mol%
resulted in a 27-fold increase in the volumetric swelling ratio [328]. This
increment was explained by the overall increase of counter-ions in the gels,
causing an additional osmotic pressure that swells the gel [327]. As 20% PVA-
Tyr hydrogels have the highest concentration of tyramine groups in the network,
the anionic repulsion between these moieties can also lead to a larger mesh and

higher water content [329, 330].
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Figure 4.9: Mass swelling ratio, q of 10%, 15% and 20% PVA-Tyr gels at

physiological conditions. No statistical difference was observed for time points 1,
3, 5 and 7 days (p>0.05). At 10 days, 10% PVA-Tyr was significantly different to

15% and 20% PVA-Tyr (p<0.05).

4.3.4. Mechanical properties of PVA-Tyr hydrogels with various macromer
concentrations

Another important aspect of the hydrogel degradation behaviour is the
change in mechanical properties during degradation. At t = 0, it was reflected
that the compressive modulus of the fabricated hydrogels increased in relation to
the nominal macromer concentration (Figure 4.10). 10%, 15% and 20% PVA-
Tyr gels had compressive modulus of ~135, 233 and ~250 kPa respectively

(Figure 4.10).
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Figure 4.10: Compressive modulus of 10%, 15% and 20% PVA-Tyr hydrogels at
various time points. 10% PVA-Tyr was statistically different to 15% and 20%
PVA-Tyr at 0, 1 and 3 days (p<0.05). All three compositions were significantly

different at 7 and 10 days (p<0.05).

This result was expected at this time point as all the macromer chains
(crosslinked and non-crosslinked) were still present in the gel, and the effective
macromer concentration and crosslinking density are not yet relevant. For
example, in a 1 g macromer solution, 10% PVA-Tyr gels will theoretically have
0.1 g of macromer, followed by 15% (0.15 g) and 20% PVA-Tyr (0.2 g). As the
total amount of macromer in the 10% PVA-Tyr is the least, it was expected that
the compressive modulus would also be the lowest. This result is in agreement
with a study conducted by Martens et al. where the modulus was shown to
increase with the amount of macromer in the hydrogel [110]. After immersing

the gels into DPBS for 1 day to extract the sol fraction and allow equilibrium
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swelling, all the gels had a major decrease in the compressive modulus. This
observation was due to the removal of non-crosslinked macromer chains (sol
fraction) which leads to a decrease in the total amount of polymer chains in the
final hydrogel network [110, 196, 325]. Moreover, at day 1 the 10% PVA-Tyr
exhibited a compressive modulus of ~90 kPa which was much higher than 15%
(~25 kPa) and 20% PVA-Tyr gels (~20 kPa). As shown and discussed in
previous sections, this observation was now expected due to the higher effective
macromer concentration and more tightly crosslinked network. The more
efficient crosslinking process in 10% PVA-Tyr hydrogels was hypothesised to be
due to the higher initiator to Tyr functional group ratio which led to formation of
hydrogels of higher crosslinking densities. As a result, it was anticipated that the
10% PVA-Tyr hydrogels would have stronger mechanical properties compared
to 15% and 20% PVA-Tyr hydrogels at day 1. Bryant et al. showed that
increasing gel crosslinking density from 0.119 mol/L to 0.376 mol/L resulted in
gels with 11-fold higher compressive modulus [86]. Moreover, all gels had a
decrease in compressive modulus throughout the degradation period. This
phenomenon agrees with the literature. It has been stated that during degradation,
hydrolysis of network chains cause a decrease in the degree of crosslinking,

which further reduces the gels’ mechanical strength [82, 86, 331].

4.3.5. L929 cell growth inhibition assay

The toxicity of the PVA-Tyr hydrogels degradation products were
assessed by the L929 cell growth inhibition assay. As the degradation of PVA-
Tyr hydrogels has been confirmed to be due to hydrolysis of the ester bonds next

to the PVA backbone (section 4.3.1), the degradation products were speculated to
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be in the form of phenolic compounds. A separate study was conducted to
recover and characterise the degradation products (<10kDa). However, the
signals obtained in the NMR spectra were noisy and inconclusive (results not
shown). Previous studies have also reported that phenolic compounds are toxic
[332]. For example, polyphenolic compounds such as flavonoids were reported
to inhibit protein kinases and were toxic to mammalian cell lines [333]. In this
study, the degradation products of PVA-Tyr hydrogels were shown to have low

toxicity (Figure 4.11).
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Figure 4.11: Cell growth inhibition of PVA-Tyr hydrogel degradation products.
No statistical difference (p>0.05) was observed between saline and the

degradation products.

The extracts at 1 day did not have a high concentration of degradation
products (1.3 mg/ml), and were likely to consist of only the sol fraction and
residual Ru/SPS with a small amount of degraded polymer. Higher amounts of

degradation products were present in samples collected at 7 and 21 days (2.5
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mg/ml and 5 mg/ml) respectively. Although there seem to be a trend where
higher amount of degradation products promoted cell growth to a greater extent,

no statistical significance was observed between these samples.
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4.4. Conclusion

In conclusion, this chapter has demonstrated that the PVA-Tyr macromer
synthesised from the conventional carboxyl-amine coupling reaction can be
fabricated into hydrogels via the Ru/SPS crosslinking system, and are
hydrolytically degradable due to the hydrolysis of ester bonds next to the PVA
backbone. The fabricated hydrogels are pH sensitive, where degradation only
occurred in neutral and basic conditions, but not an acidic environment. The
degradation process can also be accelerated by increasing the temperature of the
system. It was also highlighted that increasing the hydrogel nominal macromer
concentration resulted in a decrease in the effective macromer fraction and
crosslinking density, which further influenced the degradation rates and
mechanical strength of the fabricated PVA-Tyr hydrogels. Most importantly, the
degradation products collected from PVA-Tyr hydrogels were not cytotoxic. The
results in this chapter have shown the potential of using PVA-Tyr hydrogels as
tissue engineering matrices. However, the overall goal of this thesis was to create
a system whereby non-chemically modified proteins could be covalently
incorporated into a synthetic hydrogel system. Therefore the next chapter will

look at incorporating tyrosine rich proteins into these hydrogel networks.
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5.1. Introduction

Synthetic hydrogels lack the biological functionality to support cell
adhesion, migration and tissue organisation. Therefore, natural polymers
including extracellular matrix (ECM) molecules [206, 242], growth factors [77,
334-336] and glycosaminoglycans [9, 22], have been incorporated into synthetic
hydrogels for improved biological activity [50, 244]. Many approaches have
been studied to incorporate proteins into synthetic hydrogels including physical

blending and covalent incorporation.

Physical blending of proteins has been used to increase bio-functionality.
However, rapid leaching of proteins from the gels typically occurs over relatively
short incubation times [6, 156, 337]. Previous studies conducted by Leach et al
reported that 60% of albumin physically trapped in poly(ethylene glycol) (PEG)
hydrogels was released within 6h [337]. Zustiak et al also showed that proteins
such as lysozyme and albumin diffused out of hydrolytically degradable PEG
hydrogels within 24 hours, where the release rate was inversely proportional to
the size of the proteins [6]. Thus covalently binding proteins within hydrogel
networks has been one of the preferred approaches to achieve control over the
amount of protein presented and to support stable and sustained bioactivity for

cellular interactions [338-340].

The use of chemical crosslinking agents for the stabilisation of proteins
and for their integration with synthetic polymers is a historical approach that
although still used today, has significant issues associated with the toxicity of the
crosslinking agents, such as aldehydes, epoxides and carbodiimides [7, 234, 340-

342]. Another issue with this approach is the harsh conditions that are often
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required, such as the use of acidic conditions and high temperatures for epoxide

reactions with collagen [342].

More recently, covalent incorporation has been achieved via a number of
approaches including modification of proteins with synthetic polymers, such as
PEG, or functionalisation of biological molecules to allow covalent incorporation
into hydrogel networks. Saik et al reported that covalent immobilisation of
platelet-derived growth factor and fibroblast growth factor in PEG gels
significantly improved endothelial cell migration in the 3D degradable hydrogels
[232]. Proteins such as collagen and fibrinogen have also been chemically
conjugated with PEG and used as a 2 dimensional (2D) cell culture platform for
neural cells and fibroblasts [338, 339]. However, it was reported that grafting
PEG on fibrinogen significantly affected its capacity to form fibrin clots as a
result of the PEGylation process inducing fibrinogen denaturation and
degradation [343]. This loss of functionality following protein modification is a
significant limitation associated with the use of this PEGylation approach. The
grafting of functional moieties such as acrylates and methacrylates onto proteins
is another approach that allows for the covalent binding of biological and
synthetic polymers. The added functional groups are able to co-polymerise the
biological molecules with the synthetic polymers [9, 22, 244, 338, 344, 345].
Disadvantages of this approach include the potential disruption of the protein via
the conditions typically used in organic synthesis and the inability to control the
location and distribution of functional groups. Conjugation of functional groups
onto the proteins can also disrupt the side chains required for protein activity [7,

343, 346, 347]. Therefore, new approaches that eliminate the use of harsh
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chemicals and that do not require prior modification of the protein backbone

would be beneficial.

This chapter proposes a new approach to incorporate proteins into
synthetic hydrogels without the need of chemical modification. The PVA-Tyr
hydrogels fabricated using the Ru/SPS photo-crosslinking system is hypothesised
to have the ability to form covalent crosslinks with proteins via their tyrosine
groups. Many extracellular matrix proteins of interest to the biomaterials field

have tyrosine residues and thus could be crosslinked into PVA-Tyr hydrogels.

Gelatin, the product of collagen hydrolysis, was selected as the biological
molecule for incorporation due to its water solubility, low immunogenicity and
capacity to facilitate cell adhesion, migration, differentiation and proliferation
[154, 348]. Gelatin based hydrogels have been used for encapsulation of many
cell types including chondrocytes, fibroblasts, myoblasts and endothelial cells
[156, 223, 349, 350]. Previous studies have shown that the addition of gelatin (2
to 10 wt%) into PEG hydrogels significantly improved fibroblasts viability and
proliferation in the gels [223, 350]. However, as gelatin has a large molecular
weight and low mechanical strength, it can affect the crosslinking efficiency of
the resultant gel. It was reported that increasing gelatin concentration in PVA
gels affected their physical properties [351-353]. Pal et al. showed that
incorporation of 2.5 wt% of gelatin into 10 wt% PVA hydrogels produced
composites with significantly lower crystallinity compared to pure PVA gels
[353]. This reduction in crystallinity also affected the tensile strength and elastic
modulus of the gels [353, 354]. A study conducted by You et al concluded that
the degree of swelling of PVA/gelatin gels increased with the amount of gelatin

incorporated [352]. Therefore, incorporating the minimal amount of gelatin for
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the required cellular functions, without perturbing the physical and mechanical
properties of the base synthetic polymer is desirable. In addition, for higher cost
proteins and those more difficult to source in high quantities, it may be
advantageous to understand the concentration limits of effectiveness for the

biological components.

This chapter aims to covalently incorporate non-chemically modified
gelatin into PVA-Tyr hydrogels. Furthermore, the minimum gelatin
concentration required for producing a biological effect in the biosynthetic

hydrogel will be explored.
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5.2. Experimental

5.2.1. Materials

All materials were purchased from Sigma-Aldrich unless otherwise stated.
Poly(vinyl alcohol) (PVA) (13-23 kDa, 98% hydrolysed), succinic anhydride
(SA), triethylamine (TEA), 1,3-Dicyclohexylcarbodiimide (DCC), N-
hydroxysuccinimide (NHS), tyramine (Tyr), sodium persulphate (SPS), tris(2,2-
bipyridyl)dichlororuthenium(ll) hexahydrate (Ru(ll)bpy32+), gelatin (porcine skin,
type A, gel strength 300), deuterium oxide (D,0), molecular sieves (4 A),
dialysis tubing (10 kDa molecular weight cut-off), Eagle’s minimum essential
media (EMEM), Dulbecco’s phosphate buffered saline (DPBS), trypsin, fetal
bovine serum (FBS), penicilin streptomycin (PS), L-Glutamine, Ham’s Nutrient
Mixture F12 (HAM-12), 4',6-diamidino-2-phenylindole (DAPI), bovine serum
albumin (BSA), Tween 20, Triton X-100, paraformaldehyde, Adenosine 5’-
triphosphate disodium salt solution (ATP), Calcein-AM and propidium iodide
(PI), were used as received. Dimethyl sulfoxide (DMSQO) was bought from Ajax
Chemicals and was dried over 4A molecular sieves. Hydrogel disc moulds were
made from silicone sheets (Silastic®Sheeting, reinforced medical grade silicone
rubber, Dow Corning). CellTiterGlo ATP assay kit was bought from Promega.
EGM2-Bulletkit for culturing endothelial cells was purchased from Lonza.
Rhodamine-phalloidin (Rh-phalloidin) was purchased from Molecular Probes,

Australia.
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5.2.2. Macromer preparation

5.2.2.1. Synthesis of PVA-Tyr
PVA-Tyr was synthesised and characterised as described in Chapter 3.
The PVA-Tyr used in this chapter was quantified to have 2% conjugation, which

corresponds to 7 Tyr per PVA chain.

5.2.2.2. Fabrication of PVA-Tyr/gelatin hydrogels

PVA-Tyr hydrogels were prepared as outlined in Chapter 3. The initiators
concentration and irradiation conditions used were 2 mM Ru/20 mM SPS and 15
mW/cm? of visible light (Blue wave 200, Dymax Co., 400 — 450 nm). To prepare
PV A/gelatin hydrogels, both PVA-Tyr and gelatin were dissolved separately then
mixed at RT prior to addition of initiators. The samples were prepared according
to the compositions listed in Table 5.1. The total macromer content in the

hydrogels was kept at 20 wt%.

Table 5.1: Sample names and wt% of PVA-Tyr and gelatin used to fabricate

samples.

Sample PVA-Tyr (wt%) Gelatin (wt%)
20% PVA-Tyr 20 -
0.01% gelatin 19.99 0.01

0.1% gelatin 19.9 0.1
1% gelatin 19 1
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5.2.3. Swelling and mass loss analysis

Swelling and mass loss studies were performed as outlined in Chapter 3.
The PVA-Tyr and PVA-Tyr/gelatin gels were prepared as discs (5 mm diameter,
1 mm thick). Hydrogel discs (5 mm diameter x 1 mm thick) were immediately
weighed after polymerisation (Minitial). Three discs were immediately lyophilised
to determine the actual macromer fraction (Yomacromer). The rest of the samples
were then incubated in PBS (pH = 7.4) at 37 °C. Samples were removed from the
incubator a different time points (1, 3, 5, 7, 10 days) and then monitored daily
until complete degradation), blotted dry and weighed (Mswolien). The swollen
samples were freeze-dried and weighed again (mgy). The mass loss and mass
swelling ratio (q) were calculated using equations detailed in Chapter 3 (Egs. 3.3-

3.5). The sol fraction is equal to the mass loss at 1 day.

5.2.4. Quantification of gelatin release from PVA-Tyr/gelatin hydrogel
Hydrogel disks used in this study were prepared in dimensions of 10 mm
diameter and 1 mm thick. After fabrication, the samples were immersed in 5 ml
of DPBS and incubated at 37 °C. At pre-determined time points (1, 3, 7, 10, 14,
21 days), the extracts were collected and fresh 5ml DPBS was added to the
hydrogels. Coomassie Plus Protein Assay (ThermoFisher) was used to quantify
the amount of gelatin present in the extracts as per manufacturer’s protocol. In
brief, 150 pl of working reagent was added to 150 ul of sample extract in a well
plate, and incubated at RT for 15 minutes. The absorbance of the samples was
then read at 570 nm using a plate reader (Tecan Infinite F200). Gelatin

concentration in the extracts was calculated from a gelatin standard curve

116



Chapter 5: Covalent incorporation of hon-chemically modified gelatin into
PVA-Tyr hydrogels

constructed by reacting known amount of gelatin with the Coomassie working
reagent. The percentage of gelatin release was then calculated according to the

following equation:

Gelatinrelease (%) = mass of gelatin released x100 (1)

mass of gelatin originally in gel

5.2.5. Cell adhesion studies on PVA-gelatin hydrogels

Hydrogels were prepared in sterile conditions, and then soaked in media
and incubated at 37 °C for 1 day to extract the sol fraction from the network.
After sol fraction extraction, the media was discarded and hollow metal fences
(Aix Scientifics) were placed on top of the hydrogels to ensure the cells were
only seeded on the hydrogel surface. Three different kinds of cells were used to

assess the bioactivity of the fabricated hydrogels.

Murine dermal fibroblasts (L929) were cultured in EMEM supplemented
with 10% FBS and 1% PS. When required for experiments, cells were
trypsinised and resuspended in DPBS. Cells were seeded onto the hydrogels at a
concentration of 800 cells/mm? through the metal fences (12.57 mm?). Media
was added through the side path of the metal fences to surround the hydrogels.
After 4 hours, live-dead assay was done to determine the amount of adhered cells

on the gels. Tissue culture plate (TCP) was used as the positive control.

Primary human umbilical vein endothelial cells (HUVEC) were kindly
donated by Professor Jennifer Gamble of the Centenary Insitute, Sydney. The
HUVECs were cultured at low passage (3-5) in EGM-2, trypsinised, resuspended
in DPBS, and seeded onto the hydrogels at a concentration of 800 cells/mm?.

TCP and gelatin coated TCP were used as positive controls. After 4 hours, the
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samples were characterised using a live-dead assay. The cytoskeleton

organisation of the adhered cells was also studied using actin filament staining.

Schwann cells 4.1/F7 from rat nerve sheaths (SCL) were cultured in
HAM-12 supplemented with 2 mM L-Glutamine, 10% FBS and 1% PS. The
SCLs were also trypsinised, resuspended in DPBS, and seeded onto the
hydrogels at a concentration of 200 cells/mm?. For this study, SCL adhesion and
proliferation was studied. The time points were set as 4 hours, 1 and 3 days. At
each time points, live-dead assay was done to determine the viability of SCLs
attached on the gels. ATP assay was also performed to study the metabolic

activity of the adhered SCLs.

5.2.5.1. Live-dead assay

The cells adhered samples were washed with DPBS then stained with
1pg/ml of Calcein-AM and PI. Calcein-AM stains live cells green, while PI
stains dead cells red. After 10 minutes incubation with the stains, the gels were
washed again with DPBS then imaged with the fluorescent microscope (Zeiss,
Axioskop 2 MAT). ImageJ (version 1.46, National Institutes of Health) was used

to count the adhered cells.

5.2.6. L929 cell encapsulation in PVA-Tyr/gelatin hydrogels

L929s were trypsinised and resuspended in DPBS. The initiators were
added to the macromer solution at a final concentration of 2mM Ru and 20mM
SPS, and the solution was gently mixed. The cell suspension was then added to
the macromer solution to give a final density of 1x10° cells/mL, and the solution

was gently mixed again to ensure even cell distribution. The solution was then
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transferred into silicone moulds (7.5 mm diameter x 0.25 mm thick) sandwiched
between two cover slips, then irradiated under 15 mW/cm? of visible light (Blue
wave 200, Dymax Co., 400 — 450 nm) for 3 minutes. The samples were
immediately immersed in media then placed in a humidified incubator (37 °C
and 5% CO,). Live-dead assay was performed on these samples to evaluate the

viability of cells encapsulated in the gels.

5.2.7. Statistical analysis
All samples were prepared in triplicates and all experiments were
repeated three times. Two-way ANOVA model constructed using Minitab 15

statistical analysis software was used to analyse the results.
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5.3. Results and discussion

5.3.1. Fabrication of PVA-Tyr/gelatin hydrogels

It was hypothesised that non-chemically modified gelatin can be
covalently incorporated into the PVA-Tyr network. The photo-crosslinking
process used in this system should enable the formation of covalent bonds
between tyrosine groups of gelatin and tyramine groups of PVA-Tyr (Figure 5.1).
The successful formation of the biosynthetic gels was confirmed in mass loss and
swelling studies, and the stable incorporation of gelatin was confirmed via

analysis of the gelatin released.

PVA-Tyr Ru/SPSlIight Gelatin

PVA-Tyr/gelatin hydrogel network

Figure 5.1: Schematic of co-polymerisation of PVA-Tyr and gelatin.
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5.3.1.1. Mass loss and swelling studies conducted on PVA-Tyr/gelatin
hydrogels

Physical properties of the fabricated hydrogels at 1 day post
polymerisation were evaluated by swelling and mass loss analysis, and are
summarised in Table 5.2. The incorporation of gelatin was shown to have no
effect on the crosslinking efficiency (p>0.05), as both PVA-Tyr and PVA-
Tyr/gelatin gels had sol fractions in the range of 26 to 28%. Gelatin, reported to
be slightly anti-oxidative, had the potential to scavenge the radicals formed
during the polymerisation process [355]. However, as the amount of gelatin
incorporated was very low (0.01 wt% to 1 wt%), the radical scavenging effect

was not significant in this study.

Table 5.2: Sol fraction (%) and mass swelling ratio of fabricated hydrogels after

1 day.

Sample Sol fraction (%)  Mass swelling ratio, q
20% PVA-Tyr 25.6+4.9 91+1.2
0.01% gelatin 26.7+3.4 8.6+0.8

0.1% gelatin 27.8+3.6 8.8%0.5
1% gelatin 27.8+4.8 98+1.8

Previous studies have shown that the incorporation of charged biological
molecules such as chondroitin sulphate, heparin and sericin into PVA hydrogels,
resulted in an increase in the mass swelling ratio [4, 6, 35]. Gelatin is also a
positively charged molecule at pH 7.4 [36]. However, it was shown that there

was no significant difference between the mass swelling ratios of pure PVA-Tyr
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and PVA-Tyr/gelatin hydrogels. This result is most likely again due to the low
amount of gelatin incorporated into the PVA hydrogel networks. This theory is
supported by previous work where the incorporation of 2 wt% of sericin into
PVA-MA gels significantly increased the mass swelling ratio, however no
significant change was observed when the sericin amount was decreased to 1 wt%
[6]. As the gelatin concentration used in this study was kept equal to or lower

than 1 wt%, it was expected that the mass swelling ratio would not be affected.

PVA-Tyr hydrogels were found to be hydrolytically degradable, with a
linear degradation profile (Chapter 4). In this study, the presence of gelatin did
not significantly affect the degradation rate and all the gels were completely

degraded in 3 weeks (Figure 5.2).
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Figure 5.2: Mass loss profiles of fabricated PVA-Tyr and PVA-Tyr/gelatin
hydrogels. Error bars represent standard deviation. No statistical difference

(p>0.05) was observered between all samples at all time points.
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The q of the gels also increased linearly, similar to the degradation profile, as
shown in Figure 5.3. Once again, this is due to the fact that hydrogel degradation
results in a looser network where more water is entrapped in the gel. Statistical
analysis showed no difference between all the gels at each time point. This result
again indicates that incorporation of gelatin (0.01% to 1%) did not affect the

physical properties and degradation profile of the resultant gels.

40-

©
<

20% PVA-Tyr
0.01% gelatin

0.1% gelatin
1% gelatin

Mass swelling ratio, q
N
o
L

2
i ORH——
4> 0O

0 T T L] T T T L L] 1

0 1 2 3 4 5 6 7 8 9 10
Time (days)

Figure 5.3: Mass swelling ratio (g) of fabricated PVA-Tyr and PVA-Tyr/gelatin
hydrogels. Error bars represent standard deviation. No statistical difference

(p>0.05) was observered between all samples at all time points.

5.3.2. Gelatin release from PVA-Tyr/gelatin hydrogels
A release study was conducted to evaluate the stability of gelatin
integrated in the PVA-Tyr gels. As the amount of gelatin incorporated in 0.01%

gelatin gels was below the detection limit for quantification, it was not included
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in this study. Previous work on methacrylated gelatin crosslinked with non-
degradable PVA-MA showed that uncrosslinked gelatin required 3 days to
completely diffuse out of the network [200]. In this study, it was shown that
amount of gelatin released from both 0.1% gelatin and 1% gelatin gels after 3

days was ~25% (Figure 5.4).
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Figure 5.4: Gelatin release (%) from PVA-Tyr/gelatin gels. Error bars represent
standard deviation. 0.1 and 1% gelatin were significantly different (p<0.05) at

t=1, 7 and 10 days.

This value agrees with previous studies in terms of the amount of gelatin that is
incorporated in PVA-MA gels [200], and confirms that the non-chemically
modified gelatin used in this study was covalently co-polymerised with the PVA-
Tyr hydrogel. Moreover, as the hydrogels are hydrolytically degradable, the
gelatin release study was conducted up to 21 days, which is when both gels were

completely degraded. It was observed that the release of gelatin increased over
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time similar to the mass loss profiles. However, 0.1% gelatin gels had a faster
gelatin release profile than 1% gelatin. All incorporated gelatin was released after
10 days for 0.1% gelatin gels, as compared to 14 days for 1% gelatin gels. This
might be due to formation of covalent crosslinks between the incorporated
gelatin molecules. During the photo-crosslinking process, the tyrosine residues
on gelatin can either react with the tyramine groups on PVA-Tyr, or can also
crosslink with nearby tyrosine moieties on the gelatin molecules. As there is a
higher amount of gelatin present in 1% gelatin gels, there is a higher probability
for this to occur as compared in 0.1% gelatin gels. The crosslinking between
gelatin will lead to a larger size and molecular weight, hence longer time is

needed for the gelatin molecules to diffuse out of the hydrogel network.

5.3.3. Bioactivity of gelatin incorporated in PVA-Tyr hydrogels

5.3.3.1. L929s adhesion on PVA-Tyr and PVA-Tyr/gelatin hydrogels

Murine dermal fibroblasts (L929) were seeded on top of the fabricated
PVA-Tyr/gelatin hydrogels at a density of 800 cells/mm?. It was observed that all
the cells were attached on the TCP control after 4 hours, whereas only a small
number of cells were attached on pure PVA-Tyr hydrogels (see Figure 5.5). This
lack of adherence on the pure PVA gels was expected as PVA-Tyr is a synthetic
polymer with no biological components incorporated to support cell attachment.
Previous studies have also confirmed that cells do not attach to hydrogels made

out of pure PVA due to its highly hydrophilic nature [244, 325, 356].
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Figure 5.5: Number of attached L929s/mm? on PVA-Tyr and PVA-Tyr/gelatin
hydrogels at 4 hours. Error bars represent standard error mean. 0.1% and 1%
gelatin were not significantly different (p>0.05) to TCP. 20% PVA-Tyr was
significantly different (p<0.05) to all other samples. 0.01% gelatin was

significantly different (p<0.05) to all samples.

In this study, it was observed that gelatin at concentrations as low as
0.01% markedly increased the bioactivity of the hydrogels with approximately
60% seeding efficiency (500 cellssmm?) achieved. When gelatin concentration
was further increased to 0.1% and 1%, 100% seeding efficiency was observed.
Statistical analysis showed that all PVA-Tyr/gelatin gels were significantly
different to pure 20% PVA-Tyr gels. 0.01% gelatin was also statistically
different to 0.1% gelatin and 1% gelatin samples. In previously reported studies,
the lowest concentration of gelatin incorporated into synthetic polymeric gels

was 1% [352]. You et al showed that incorporation of 1 — 3 wt% of gelatin into
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PVA gels promoted significantly more fibroblasts attached onto the gel surfaces.
However, the present study showed that the amount of protein required to
augment bioactivity could be as small as 0.01%. Gelatin being a product of
collagen degradation retained the functional peptide sequences required for
cellular interaction. It has an abundance of arginine-glycine-aspartic acid (RGD)
sequences which promotes cell adhesion [357]. These RGD ligands could bind to
the integrin on cell surfaces, providing enhanced cellular attachment. This study
also confirmed that the gelatin remained bioactive post integration into the PVA-

Tyr gels and was able to promote cellular adhesion.

While cell counts are a good indication of cell survival, even more
information can be gained from observing the morphology of the cells on the
gels. Cells attached to TCP remained rounded at 4 hours, whereas the cells on the
PVA-gelatin hydrogels were spread and appeared more similar to their natural
morphology (see Figure 5.6). More interestingly, the cells on 0.01% gelatin gels
were in the forms of cell aggregates, as compared to being evenly spread on

0.1% and 1% gelatin gels.
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20% PVA-Tyr

Figure 5.6: Live-dead images of attached L929s on PVA-Tyr and PVA-

Tyr/gelatin hydrogels at 4 hours. Green = live; Red = dead. Scale bar = 100 pm.

5.3.3.2. HUVECs adhesion on PVA-Tyr and PVA-Tyr/gelatin hydrogels
The bioactivity of the incorporated gelatin was further evaluated by cell

adhesion assay using primary human umbilical vein endothelial cells (HUVEC),
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where are known to be sensitive to surface topology and rigidity. The HUVECs
were also seeded onto the fabricated PVA-Tyr/gelatin hydrogels at 800c
ells/mm?. It was observed that 60% of the seeded cells were attached on TCP

after 4 hours (Figure 5.7).
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Figure 5.7: Number of attached HUVECs/mm? on PVA-Tyr and PVA-Tyr/gelatin
hydrogels at 4 hours. Error bars represent standard error mean. TCP was
significantly different (p<0.05) to gelatin coated TCP. 0.01%, 0.1% and 1%
gelatin were significantly different (p<0.05) to TCP, and not statistically
different (p>0.05) to gelatin coated TCP. 20% PVA-Tyr was significantly

different (p<0.05) to all other samples.

However, when gelatin was used to coat TCP, all the seeded cells were attached

on the plate surfaces. This result agrees with previous studies where ECM
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proteins such as collagen, fibronectin and gelatin were required to facilitate
HUVECs attachment, even when TCP was used [358]. Similarly, 20% PVA-Tyr
did not support any cell adhesion. Incorporation of 0.01% - 1% gelatin
significantly enhanced the amount of cells attached on the gel surfaces. Statistical
analysis reported significant differences between all PVA-Tyr/gelatin samples
and pure 20% PVA-Tyr gels. Moreover, there were no significant differences
between all the PVA-Tyr/gelatin gels and the gelatin coated TCP samples. This
result is slightly different to the L929 adhesion studies in section 5.3.3.1, where
0.01% gelatin was statistically different to 0.1% and 1% gelatin gels. This
phenomenon might be due to the higher sensitivity and selectivity of HUVECs to
the gelatin molecule [358]. Live-dead images clearly showed that the
morphology of HUVECs attached onto TCP, gelatin coated TCP and PVA-

Tyr/gelatin hydrogels is similar (Figure 5.8).
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TCP gelatin coated

20% PVA-Tyr 0.01% gelatin

0.1% gelatin 1% gelatin

Figure 5.8: Live-dead images of attached HUVECs on TCP, PVA-Tyr and PVA-

Tyr/gelatin hydrogels at 4 hours. Green = live; Red = dead. Scale bar = 100 pm.

Endothelial cells are responsible for the synthesis and regulation of ECM that
acts as the border between blood vessels and other contact tissues. Hence, most
endothelial cell cultures require the addition of at least one ECM adhesion

protein to the cell culture supports (TCP). The ECM molecule allows initial
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attachment of the endothelial cells prior to re-modelling and secretion of new
ECM [358, 359]. Previous studies have shown that the presence of gelatin
successfully promoted attachment of HUVECs on several synthetic hydrogels.
Ohya et al. reported that grafting gelatin onto pNIPAAm hydrogel increased the
hydrogel surface roughness, which further influenced endothelial cell adhesion
[354]. Similarly, Zhu et al. and Saunder et al. showed that conjugating RGD
sequences onto PEG and polyacrylamide hydrogels promoted HUVEC adhesion
[360, 361]. As gelatin is known to be rich is RGD sequences, it was expected that

incorporating this protein into PVA-Tyr gels would promote HUVEC attachment.

Incorporation of gelatin into the PVA gels allowed HUVECs to attach
and spread in a similar manner as the positive controls (TCP and TCP gelatin
coated). No difference was observed in terms of the cell elongation and the actin
stress fibers alignment, where HUVECs attached on all samples showed ordered
F-actin arrangement enveloping the cell nuclei. This study demonstrated that the
gelatin incorporated into PVA-Tyr hydrogels was presented on the gel surfaces,
and remained biologically active to support HUVECs attachment. Once again,
gelatin concentration as minimal as 0.01% was enough to augment bio-

functionality of PVA-Tyr gels.

5.3.3.3. SCLs adhesion and proliferation on PVA-Tyr and PVA-Tyr/gelatin
hydrogels

Next, in order to further confirm the feasibility of this system as a cell
culture platform that supports several types of cells, the bioactivity of the PVA-
Tyr/gelatin gels was further evaluated using Schwann cells harvested from rat

nerve sheath (SCL). The previous cell adhesion studies (i.e., L929s and HUVECS)
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were only done for a short time period (4 hours). However these gels are
degradable and the effect of gel degradation on cell proliferation was examined

using the SCLs.

SCLs were seeded on the samples at a concentration of 200cells/mm?. At
4 hours, very few cells were found to attach on pure PVA-Tyr gels, and no
discernable proliferation was observed on the pure PVA-Tyr gels over the course
of the study (Figure 5.9). In contrast to this, 85% of the seeded cells were
adhered onto TCP and the PVA-Tyr/gelatin samples after 4 hours. These adhered
cells were then shown to proliferate from 4 hours to 1 and 3 days. Statistical
analysis showed no difference between the PVA-Tyr/gelatin gels at all-time
points studied. However, TCP had significantly more cells attached compared to

the PVA- Tyr/gelatin samples at the 3 day time point.
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Figure 5.9: Number of attached SCLs/mm? on PVA-Tyr and PVA-Tyr/gelatin
hydrogels at 4 hours, 1 day and 3 days. Error bars represent standard error
mean. No significant differences (p>0.05) were observed between 0.01%, 0.1%
and 1% gelatin samples at all time points. 20% PVA-Tyr was significantly
different (p<0.05) to all other samples at all time points. 0.01%, 0.1% and 1%

gelatin samples were significantly different (p>0.05) to TCP at t = 3 days.

The lack of cells on the PVA-Tyr/gelatin gels as compared to TCP might be due
to the degradation of the PVA-Tyr/gelatin hydrogels. It was shown that the
mechanical strength of the gels decreases as the hydrogel degrades (section 4.3.4,
Chapter 4). Previous studies have shown that spreading and proliferation of
mammalian cells can be influenced by multiple parameters such as external
mechanical-stress field, hydrodynamic and compressive forces [21, 354, 361].

The substrate surface rigidity has been shown to heavily influence the behaviour
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of anchorage dependant cells attached onto the surfaces, such as fibroblasts,
endothelial cells and Schwann cells [93, 354, 361-363]. For example, Ohya et al
reported that endothelial cells preferred to attach onto poly(N-
isopropylacrylamide)-gelatin  hydrogels with greater stiffness [354]. As
mechanotransduction between the cell adhesion sites and the surface plays a
huge role in cell spreading, migration and proliferation [21, 362, 364], it was
hypothesised that the decrease in surface mechanics due to hydrogel degradation
would also result in a decrease in the cell proliferation rate. This speculation
agrees with previous findings reported by Cao et al., where Schwann cells were
shown to proliferate faster on chitosan films with Young’s modulus of ~22 MPa

compared to ~16 MPa [363].

Live-dead images showed the morphology of cells attached on all the
samples (Figure 5.10). It was observed that the SCLs were initially rounded at 4
hours, but became spindled shape at 1 and 3 days on every surface examined. In
addition, almost all the attached cells were alive at all-time points on all surfaces
(all cells stained green at 4 hours, 1 day and 3 days). This observation was
particularly important due to the fact that during the degradation of the gels,
degradation products are leached out into the environment and might be
detrimental to the attached cells. However, these images suggest that the
degradation products did not affect the cell viability. This study agrees with the
cytotoxicity study conducted in Chapter 4, where the degradation products
conducted from the gels did not exhibit any cell growth inhibitory effect on

L929s.
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1% gelatin * _

Figure 5.10: Live-dead images of attached SCLs on PVA-Tyr and PVA-
Tyr/gelatin hydrogels at 4 hours, 1 and 3 days. A = TCP; B = 20% PVA-Tyr; C
= 0.01% gelatin; D = 0.1% gelatin; E = 1% gelatin; Green = live; Red = dead.

Scale bar =100 pum.
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5.3.4. Translating PVA-Tyr/gelatin hydrogels system as cell encapsulation
matrices

As the overall objective of this thesis is to exploit PVA-Tyr hydrogels as
cell encapsulation matrices, L929s were encapsulated within the PVA-
Tyr/gelatin hydrogels. As observed in Figure 5.11, none of the cells encapsulated
in the different PVA-Tyr/gelatin gels survived the photo-encapsulation process

(all cells stained red).

20% PVA-Tyr 0.01% gelatin
0.1% gelatin 1% gelatin

Figure 5.11: Live-dead images of L929s encapsulated in PVA-Tyr/gelatin

hydrogels; Green = live; Red = dead. Scale bar = 100 pm.

This result was hypothesised to be due to the abundance of sulphate and
tyrosyl radicals generated during the hydrogel formation. During the crosslinking

process, the persulphates dissociate into sulphate anions and sulphate radicals
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after accepting electrons from photoactivated Ru (Figure 5.12). At the same time,
the photoactivated Ru®* reacts with the phenolic moieites (tyramine of PVA-Tyr
and tyrosine of gelatin) forming tyrosyl radicals. These free radicals may abstract

electrons from the cells membranes causing peroxidation of the membrane lipids.

Visible light .
RuZ*+ S,04% > Ru3* + 50,2 + SO,

Figure 5.12: Generation of sulphate radicals during Ru/SPS photocrosslinking.

The cell membrane is made of a lipid bilayer that maintains the structural
integrity of the cell, as well as the diffusion of proteins and nutrients across the
membrane [365, 366]. It has been previously reported that free radicals and other
reactive oxygen species produced in the body can disrupt the lipid bilayer
through lipid peroxidation [366, 367]. Hence, it was speculated that the sulphate
and tyrosyl radicals generated during crosslinking are also capable of damaging
the cell membrane leading to cell death. Similarly, Lin et al. has also stated that
free radicals generated from photoinitiators used in fabricating PEG hydrogels
caused cellular damage during cell encapsulation [368, 369]. A study conducted
by Farnsworth et al. showed that the radical initiated photopolymerisation
process was exerting oxidative stress on chondrocytes encapsulated in PEG
hydrogels [370]. Although the gelatin incorporated in the hydrogels is known to
be anti-oxidative, its radical scavenging effect was not reflected in this study.
This study showed that the Ru/SPS photopolymerisation process used to
fabricate PVA-Tyr/gelatin hydrogels is not suitable to encapsulate cells, and
further modification to the system is needed to promote cell survival during

photoencapsulation.
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5.4. Conclusion

The results from this chapter have demonstrated that non-chemically
modified gelatin could be covalently crosslinked with PVA-Tyr through the
native tyrosine groups present in the gelatin backbone. The incorporation of
gelatin did not affect the mass loss and swelling profiles of the pure PVA-Tyr
gels. The stable integration of gelatin was also reflected in the gelatin release
study. Short cell adhesion assays using the L929s and HUVECSs proved that the
gelatin remained bioactive post crosslinking, and an amount as minimal as
0.01wt% was enough to augment bio-functionality of pure PVA-Tyr hydrogels.
Furthermore, longer cell adhesion assays conducted using SCLs showed that the
loss in surface mechanics and release of degradation products during gel
degradation did not affect the viability and proliferation of SCLs on the PVA-
Tyr/gelatin gels. However, cell encapsulation studies were not successful due to
the generation of sulphate radicals that are detrimental to cells during the
encapsulation. Hence, the next chapter will focus on promoting cell survival and

viability within PVA-Tyr hydrogels.
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Chapter 6
Promoting Cell Survival, Proliferation and
Function in Degradable PVA-Tyramine

Hydrogels
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6.1. Introduction

Preliminary cell encapsulation studies in Chapter 5 showed that cells did
not survive the photoencapsulation process. It was hypothesised that the sulphate
and tyrosyl radicals (Figure 6.1) generated during the crosslinking reaction might

impose oxidative stress to the cells, killing them in the process [252, 262].

Visible light .
RUZ*+ 5,042 > Ru3* + SO, + 50,

Figure 6.1: Generation of sulphate and tyrosyl radicals (highlighted in boxes)

during Ru/SPS photo-crosslinking.

This hypothesis is in accordance with previous studies reported in the literature,
where reduction in cell viability post encapsulation due to radicals was observed
in photopolymerised hydrogels [82, 194, 371]. Nicodemus et al. demonstrated
that the viability of chondrocytes decreased after encapsulation in
photocrosslinked PEG hydrogels [194]. Lin et al. also showed a reduction in
mouse insulinoma cells viability post photopolymerised into PEG hydrogels
[369]. During the photoencapsulation process, the initiator molecules absorb
photons of light and dissociate into radicals that react with functional groups on
the hydrogel macromers to form covalent crosslinks [202, 370, 372]. The

presence of radicals in the gel microenvironment creates a harsh environment for
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cells, since the generated radicals can attack cells causing direct or indirect
damage that may lead to cell death [369]. A study conducted by Burdick et al.
indicated that the viability of fibroblasts encapsulated in photopolymerised
hyaluronic acid gels decrease with increasing radical concentration [82]. These
radicals can also react with oxygen, forming reactive oxygen species (ROS) that

can trigger oxidative stress in cells [366].

Several photopolymerisation-induced ROS such as superoxide radical
(0,""), hydroxyl radical (OH"), singlet oxygen (*O,) and ozone (Os), have been
reported in the literature [366, 367]. In terms of cell encapsulation, these ROS
can react with the lipid bilayer of cells, causing oxidative stress in the form of
lipid peroxidation. It has been shown that lipid peroxidation disrupts the cell
membrane integrity and permeability, which can lead to DNA damage,
upregulation of tissue degrading enzymes, and generation of toxic products [365,
367]. Previous studies also demonstrated that chondrocytes encapsulated in
photopolymerised PEG hydrogels had degenerated metabolic activity, reduced
matrix synthesis, and upregulation of matrix metalloproteinase-13 (MMP-13) as
effects of lipid peroxidation [370]. Therefore, the next step of this research was
to incorporate antioxidants into these hydrogels to scavenge the radicals and
ROS formed during the photoencapsulation process as an approach to protect the
cells. In this chapter, the two antioxidative biomolecules of interest are ascorbic
acid and silk sericin. These two molecules are water soluble and easily miscible

with the PVA-Tyr macromer used in this thesis.

Ascorbic acid, also known as vitamin C occurs naturally in fruits and
vegetables, and has important roles in growth, differentiation, and metabolism of

plants [373, 374]. It was reported that ascorbic acid can react with oxygen more
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rapidly than any other aqueous components to reduce the amount of ROS
generated [375]. Moreover, it can also react with ROS directly, with and without
enzyme catalysts, to form monodehydroascorbic or dehydroascorbic acid [374,
375]. These reduced forms can be regenerated back to ascorbic acid using
enzyme complexes bound to the cell membrane [366, 373, 374]. Hence, ascorbic
acid has been widely considered as the almost perfect antioxidant, due to its rapid
ROS scavenging activity and most importantly, its ability to regenerate [366,

373].

On the other hand, silk sericin is a glue-like protein that coats silk fibers
during cocoon formation [376]. It is secreted from the middle silk gland of a
mature silkworm larva and is composed of random coil and B-sheet structures
[244, 376]. Previous studies have shown that sericin has many biomedical
advantages such as UV protective, cryoprotective, chemoprotective and most
importantly, antioxidative [376-378]. Both Lim et al. and Dash et al. reported
that sericin successfully protected keratinocytes from hydrogen peroxide and
ultra-violet (UV) light induced oxidative stress [244, 379, 380]. It was also
speculated that the high content of hydroxyl amino acid groups (serine and

threonine) in sericin is responsible for its radical scavenging properties [379].

Although the antioxidative ability of sericin is well established, there are
yet to be any studies comparing its radical scavenging efficiency to other
conventional and well known antioxidants, such as ascorbic acid. However, it
should be noted that there are many differences between ascorbic acid and sericin.
For example, the molecular weight of ascorbic acid is 177Da, which is much
smaller than sericin (150kDa) [244, 378, 381, 382]. Moreover, ascorbic acid is a

simple organic molecule while sericin is a protein consisting of different primary

143



Chapter 6: Promoting cell survival, proliferation and function in degradable PVA-Tyr hydrogels

and secondary structures, as well as amino acid sequences that can facilitate
several biological activities. Hence, it is of interest to compare these two

molecules in this chapter.

Furthermore, previous studies have also reported that the presence of cell
adhesive peptides or proteins is vital in promoting cell growth and proliferation
within a 3D hydrogel network [227, 383-386]. Incorporating peptides or proteins
containing the cell adhesive motif, Arginine-Glycine-Aspartic acid (RGD) into
PEG hydrogels has been reported to significantly enhance chondrogenesis of
encapsulated human mesenchymal stem cells as compared to pure PEG
hydrogels [387]. Moreover, Yang et al. also showed that PEG hydrogels rich in
RGD sequences successfully promoted osteogenesis of encapsulated marrow
stromal cells [388]. As the two antioxidants, ascorbic acid and sericin are not
known to possess any cell adhesive sequences, gelatin which is known to have
abundance of RGD motifs will also be co-incorporated with the antioxidants into

the PVA-Tyr gels [357].

While Chapter 5 demonstrated that the PVA-Tyr/gelatin gels had many
advantages as pre-formed biomaterials (i.e., cells are placed on them after the
polymerisation process), it was also shown that the encapsulation of cells was not
feasible in these gels without further modification. This inability to encapsulate
cells was hypothesised to be due to the abundance of radicals generated during
the photopolymerisation procedure. Therefore, this chapter aims to promote cell
survival during the photoencapsulation process by incorporating an antioxidative
molecule (i.e., ascorbic acid or sericin) into the PVA-Tyr gels. The efficiency of
these two antioxidants in terms of protecting cells from harmful radical generated

during the crosslinking process will be evaluated. A secondary aim was to assess
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the synergistic effect of integrating both the antioxidant and gelatin on the

growth and proliferation of cells post encapsulation in PVA-Tyr hydrogels.
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6.2. Experimental

6.2.1. Materials

All materials were purchased from Sigma-Aldrich unless otherwise stated.
Poly(vinyl alcohol) (PVA) (13-23 kDa, 98% hydrolysed), succinic anhydride
(SA), triethylamine (TEA), 1,3-dicyclohexylcarbodiimide (DCC), N-
hydroxysuccinimide (NHS), tyramine (Tyr), sodium persulphate (SPS), tris(2,2-
bipyridyl)dichlororuthenium(Il) hexahydrate (Ru(ll)bpy32+), gelatin (porcine skin,
type A, gel strength 300), molecular sieves (4A), dialysis tubing (10 kDa
molecular weight cut-off), Eagle’s minimum essential media (EMEM),
Dulbecco’s phosphate buffered saline (DPBS), sodium carbonate, trypsin, fetal
bovine serum (FBS), penicilin streptomycin (PS), ascorbic acid, bovine serum
albumin (BSA), tween 20, triton X-100, paraformaldehyde, adenosine 5°-
triphosphate disodium salt solution (ATP), calcein-AM and propidium iodide
(PI), were used as received. Dimethyl sulfoxide (DMSQO) was bought from Ajax
Chemicals and was dried over 4 A molecular sieves. Hydrogel disc moulds were
made from silicone sheets (Silastic®Sheeting, reinforced medical grade silicone
rubber, Dow Corning). CellTiterGlo ATP assay kit was bought from Promega.
All primary antibodies were bought from Sapphire Bioscience. AlexaFluor-
conjugated secondary antibodies were bought from Invitrogen, Australia.
Rhodamine-phalloidin (Rh-phalloidin) and 4',6-diamidino-2-phenylindole (DAPI)

were purchased from Molecular Probes, Australia.
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6.2.2. Macromer preparation and hydrogel fabrication

PVA-Tyr used in this chapter was synthesised as described in Chapter 3
using conventional DCC/NHS chemistry and characterised to have 7 Tyr per
PVA chain (2% conjugation). The macromer solution was also prepared as
described in previous chapters. Dried and sterile PVA-Tyr was dissolved in
sterile DPBS, then left to cool at RT overnight. The total macromer percentage

was kept at 20 wt%.

6.2.3. Incorporation of antioxidants into PVA-Tyr hydrogels

Antioxidants (ascorbic acid or sericin) were also incorporated into the
gels to promote survival of the encapsulated cells. Both ascorbic acid and sericin
were dissolved separately then mixed with the PVA-Tyr solution at RT prior to
addition of initiators. The concentration of initiators used was 2 mM Ru/20 mM
SPS, and the samples were irradiated with 15mW/cm? of visible light (Blue wave
200, Dymax Co., 400 — 450 nm) for 3 minutes. The concentration of ascorbic
acid tested was 2, 10 and 20 mM, whereas the concentration of sericin was 0.5
and 1 wt%. Ascorbic acid was used as received from the manufacturer, whereas

sericin was isolated from silkworm cocoons as outlined in section 6.2.3.1. below.

6.2.3.1. Isolation of sericin from silkworm cocoons

Antheraea mylitta silkworm cocoons were kindly provided by Professor
Subhas Kundu from the Indian Institute of Technology Kharagpur, India. The
cocoons were cut into small pieces then boiled in excess 0.02 M sodium

carbonate solution for 4 hours. The supernatant was dialysed against deionised
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water for 3 days. Post dialysis, the sericin solution was sterile filtered and then

lyophilised.

6.2.3.2. Mass loss and swelling studies

Mass loss and swelling studies were performed as per outlined in
previous chapters to evaluate the physical properties of the antioxidants
incorporated hydrogels. In brief, the fabricated hydrogels were weighed after
crosslinking for minitia. The samples were then incubated in PBS (pH = 7.4) at 37
°C. After 1 day, the samples were removed and weighed for mgyoen, then freeze-
dried for mgry. The mass loss and mass swelling ratio (q) were calculated using
equations detailed in Chapter 3 (Eqgs 3.3-3.5). The sol fraction is the mass loss at

1 day [9, 244].

6.2.4. 1.929 cell encapsulation

L929s were encapsulated in the hydrogels as described in Chapter 5. Cell
suspension was added to the macromer solution to give a final density of 1x10°
cellssmL, and the solution was gently mixed again to ensure even cell
distribution. The solution was then transferred into silicone moulds (7.5 mm
diameter x 0.25 mm thick) sandwiched between two cover slips, then irradiated
under 15 mW/cm? of visible light (Blue wave 200, Dymax Co., 400 — 450 nm)
for 3 minutes. The samples were immediately immersed in media then placed in
a humidified incubator (37 °C and 5% CO,). After 1 day, the media was
discarded to remove the sol fraction and initiator residues. The samples were
then replenished with fresh media every 3 days. Macroscopic images of the

samples at different time points were taken using the Leica M80 stereo
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microscope at 0.75x magnification. The sample names corresponding to the
concentration of biological molecules incorporated in to the PVA-Tyr hydrogels

were listed in Table 6.1.

Table 6.1: Sample names corresponding to the concentration of biological

molecules incorporated into PVA-Tyr hydrogels.

PVA-Tyr  Ascorbic Sericin Gelatin
Sample

(Wt%) acid (mM) (Wt%) (Wt%)
2 mM Ascorbic acid 20 2 - -
10 mM Ascorbic acid 20 10 - -
20 mM Ascorbic acid 20 20 - -
0.5% sericin 19.5 - 0.5 -
1% sericin 19 - 1 -
0.01% gelatin 18.99 - 1 0.01
0.1% gelatin 18.9 - 1 0.1
1% gelatin 18 - 1 1

6.2.4.1. Live-dead assay

The viability of the cells encapsulated in the gels was evaluated at time
points 1, 3, 7, 14 and 21 days. At each respective time points, the samples were
washed with DPBS then stained with 1 pg/ml of Calcein-AM and PI. After 10
minutes incubation with the stains, the gels were washed with DPBS again then
imaged using fluorescence microscope (Zeiss, Axioshop 2 MAT) while hydrated.
ImageJ (version 1.46, National Institutes of Health) was used to count the cells.

The viability of the cells was calculated based on the following equation:
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number of live cells 6.1
Viability (%) = x 100 (6.1)
number of live cells + dead cells

Similarly, ImageJ was also used to quantify the live cell coverage area using the

following equation:

Pixels 1,e cells
Live cell coverage area (%) = e %100 (6.2)

Pixels total image

6.2.4.2. Cytoskeleton organisation staining of L929s encapsulated in1% gelatin
gels

The morphology and cytoskeletal organisation of L929s encapsulated in
the hydrogels was studied through actin filament staining as described in Chapter
5. The cell encapsulated samples were firstly fixed in 4% formaldehyde then
washed with blocking solution (3% (w/v) BSA and 0.5% (w/v) tween in DPBS).
Next, the cells were then permeabilised with 0.25% (w/v) triton X-100, and then
incubated for 1h with Rh-phalloidin (1:500 in blocking solution) and DAPI
(1:500 in blocking solution). The samples were washed with DPBS post staining,

followed by imaging using the confocal microscope (Olympus FVV1000).

6.2.4.3. ATP assay

The metabolic activity of L929s encapsulated in the gels was evaluated
using the CellTiterGlo luminescent cell viability assay. The samples were firstly
washed with DPBS, and then incubated on an orbital shaker at RT in 100 pl
DPBS and 100 ul CellTiterGlo reagent for 45 minutes. The luminescence of the
samples was then measured using a microplate reader (Tecan Infinite200). The
ATP concentrations of the samples were then calculated from a standard curve

constructed using known concentrations of ATP.
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6.2.4.4. Inmunocytochemistry staining of ECM produced in hydrogels

Samples were firstly fixed in 4% formaldehyde solution overnight,
followed by blocking with 3% (w/v) BSA and 0.5% (w/v) in DPBS at RT.
Primary antibodies as shown in Table 6.2 were diluted in DPBS, added to the
samples, and then incubated overnight at 4 °C. Samples were then washed three
times with DPBS, then incubated with AlexaFluor-conjugated secondaries
(Molecular Probes/Invitrogen), diluted 1:200 with DPBS, in the dark at RT for 1
hour. Samples were once again washed with DPBS three times, and then counter-
stained with Rh-phalloidin to visualise the F-actin, and DAPI to observe the cell
nuclei. Post staining, the samples were washed with DPBS three times and then
kept in the dark at RT until being imaged using confocal microscopy (Olympus

FV1000 and Zeiss LSM780). Samples were viewed at 10x and 40x magnification.

Table 6.2: Host species and source of primary antibodies used for

immunohistochemistry

Antigen Host species Source
Collagen IV Rabbit Abcam
Laminin Rabbit Abcam

6.2.4.5. Quantification of ECM produced in hydrogels

The amount of ECM produced in the hydrogels was quantified using
Coomassie Plus Protein assay (ThermoFisher). The cells encapsulated samples
were completely degraded in DPBS at 60 °C for 2 days. 150 ul of sample was
then added with 150 pl of Coomassie working reagent, and then incubated at RT

for 15 minutes. The samples absorbance was read at 570 nm using a plate reader
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(Tecan Infinite F200). The protein concentrations were calculated from a

standard curve constructed using known concentrations of BSA. Blank samples

without any cells encapsulated were used as controls.

6.2.3. Statistical analysis

All samples were prepared in triplicates and all experiments were
repeated three times. Two-way ANOVA model constructed using Minitab 15

statistical analysis software was used to analyse the results.
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6.3. Results and discussion

6.3.1. Incorporation of antioxidants into PVA-Tyr hydrogels

It was previously shown in Chapter 5 that the cells did not survive the
photoencapsulation process. It was hypothesised that the sulphate and tyrosyl
radicals generated during the encapsulation process may directly damage the
cells, or react with oxygen to form ROS that are detrimental to the cells. Hence,
two different types of antioxidants, ascorbic acid and sericin, were incorporated
into PVA-Tyr hydrogels to address this problem. Ascorbic acid has been widely
referred to as the gold standard for antioxidants, due to its high radical
scavenging efficiency and ability to regenerate [366, 373]. On the other hand,
silk sericin has been discovered in the past decade as an antioxidative protein
with other biological attributes such as being cryoprotective and chemoprotective
[244, 379, 380]. Hence, this section will focus on comparing the effect of
ascorbic acid and sericin on the crosslinking efficiency of PVA-Tyr gels, as well

as their ability to protect cells during the photopolymerisation process.

6.3.1.1. Mass loss and swelling studies

The incorporated antioxidants have the potential to scavenge both the
harmful sulphate radicals, as well as the beneficial and needed tyrosyl radicals
that are formed during the photopolymerisation process. The covalent bonds
required to crosslink the hydrogel network will not be formed if the tryosyl
radicals were scavenged (see Chapter 3). Therefore, mass loss and swelling
studies were performed to evaluate the quality of the fabricated gels and
determine if the polymerisation reaction was still able to efficiently crosslink the

macromers. The concentration of ascorbic acid used was set at a maximum of
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20mM, corresponding to the concentration of SPS. However, no gel was formed
at this concentration. A study conducted by Fancy et al. showed that the key
components for the crosslinks formation are the tyrosyl radicals, where
quenching all the sulphate radicals did not affect the overall crosslinking
efficiency [252, 262]. Therefore, it was hypothesised that ascorbic acid at 20mM
was able to quench not only the sulphate radicals, but all the radicals generated
including the tyrosyl radicals required for crosslinking. When the ascorbic acid
concentration was decreased to 10 mM and 2 mM, PVA-Tyr gels were
successfully formed. However, it was also observed that lower concentrations of
ascorbic acid resulted in PVA-Tyr gels with lower sol fractions and mass
swelling ratios (Table 6.3). This observation agrees with the literature where the
radical scavenging activity of ascorbic acid is dose dependant [375, 389]. It was
speculated that by lowering the concentration of ascorbic acid, the overall radical
scavenging efficiency is also reduced. Therefore, tyrosyl radicals are still present

in the system to allow formation of crosslinks.

Table 6.3: Sol fraction (%) and mass swelling ratio of antioxidants incorporated

PVA-Tyr hydrogels.

Sol fraction Mass swelling

Sample (%) ratio, q
20 mM Ascorbic acid No gel formed
10 mM Ascorbic acid 547+3.1 141 +0.7
2 mM Ascorbic acid 243+18 8.9+ 0.2
1% sericin 23619 9.6+01
0.5% sericin 219+3.1 9.1+0.8
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On the other hand, PVA-Tyr gels copolymerised with 1 wt% sericin
produced gels with similar sol fraction and mass swelling ratio as pure PVA-Tyr
gels (i.e., without any antioxidants incorporated) (sol fraction = 25.6 + 4.9, q =
9.7 £ 0.5). More interestingly, the quality of the gels was not influenced by the
concentration of sericin, as similar sol fractions were observed for gels with 0.5%
(Table 6.3). This observation is in contrast to the results obtained with ascorbic
acid, where higher concentrations of ascorbic acid lead to a reduction in
crosslinking efficiency (higher sol fraction and q). This observed difference
might be due to the composition of sericin. Amino acid analysis has shown that
the sericin used in this study (A. mylitta) has a high tyrosine contents (3 mol%)
[378]. Therefore, it is believed that despite being able to scavenge sulphate and
tyrosyl radicals (from SPS and PVA-Tyr), the tyrosine groups on the sericin were
also converted to new tyrosyl radicals at the same time. Hence, the newly
generated tyrosyl radicals from sericin further ensured the formation of covalent

bonds that were required to crosslink the network.

6.3.1.2. Viability of L929s encapsulated in PVA-Tyr/antioxidants gels

Next, the protective effects and efficiency of ascorbic acid and sericin in
promoting the survival of L929s were evaluated through cell encapsulation
studies. In this study, the addition of 2 mM ascorbic acid did not show any
improvement in cell survival (Figure 6.2), where all the cells are stained red
(viability = 0%). Previous mass loss results (section 6.3.1.1.) indicated that 2 mM
of ascorbic acid was the only concentration that made high quality gels (i.e., low
sol fraction), although this was hypothesised to be due to there not being enough

ascorbic acid to quench all the radicals generated during the crosslinking process.
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Therefore, it was expected that there were still large amounts of radicals present

in the system and these were still able to damage the cells.

2mM Ascorbic acid 10mM Ascorbic acid

0.5% sericin

Figure 6.2: Live-dead images of L929s encapsulated in PVA-Tyr hydrogels
incorporated with ascorbic acid or sericin; Green = live; Red = dead; Scale bar

=100 pm.

Increasing the ascorbic acid concentration to 10 mM, which was previously
shown in the mass loss studies to have a profound effect on the quenching of
radicals at the expense of the quality of the formed gel, significantly improved
the cellular viability to 62 + 17% (Figure 6.2 and Table 6.4). Similarly with
sericin, incorporation of 0.5 wt% sericin showed improvement in cell survival
over pure PVA-Tyr gels with a viability of 19.3 + 9.0%, whereas 1% sericin gels

had a viability of 90.4 + 3.8%.
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Table 6.4: Viability of L929s encapsulated in antioxidant incorporated PVA-Tyr

gels

Sample Viability (%0)
2 mM Ascorbic acid 0
10 mM Ascorbic acid 62.0+17.0
0.5% sericin 19.3+9.0
1% sericin 90.4+3.38

Ascorbic acid is a well-known naturally occurring biological molecule
that scavenges transition metal radicals and ROS formed in the body. In this
study, the concentration of ascorbic acid present in the system during the
photoencapsulation process greatly affected the survival of the cells in the gels.
Once again, this result agrees with previous studies where the antioxidant activity
of ascorbic acid is dose dependant [389]. Rekha et al. showed that more 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radicals were scavenged with increasing
concentrations of ascorbic acid [389]. Oh et al. reported that the amount of ROS
in UV irradiated cells decrease with increasing concentration of ascorbic acid
treatment [390]. In this study, although 10 mM of ascorbic acid was able to
increase cell viability, it also caused a significant increase in the sol fraction of
the hydrogel. This observation indicates that in spite of scavenging the harmful
sulphate radicals to protect the cells, the added ascorbic acid was also quenching
the tyrosyl radicals that are responsible for the hydrogel crosslinking. This non-
specific quenching then led to a major decrease in the crosslinking efficiency and

formation of hydrogels with higher sol fraction and mass swelling ratios.
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On the other hand, sericin is an antioxidative protein that is present in
silkworm cocoons. Previous studies has shown that this protein is able to protect
cells from UV induced oxidative stress due to the abundance of hydroxyl amino
acid groups present (serine and threonine) in the protein sequence [376, 379, 380,
391]. In this study it was shown that the more sericin that was incorporated into
the hydrogels, the higher the cell viability with no effect on the quality of the gel
that was formed. This result agrees with previous findings where the
cytoprotective activity of sericin has been reported to be dosage dependant [244,
379, 380]. Dash et al demonstrated that 150 ng/ml of sericin significantly
increased the cell viability of hydrogen peroxide treated fibroblasts compared to
30 ng/ml [379]. Lim et al also showed that oxidative stressed keratinocytes
treated with 100 ng/ml of sericin had lower levels of oxidative damage markers
(catalase and malonaldehyde) as compared to 50 ng/ml [244]. Most importantly
in this study, the incorporation of sericin did not affect the hydrogel crosslinking
efficiency. Once again, this phenomenon was speculated to be due to the high
tyrosine content in sericin [376]. While scavenging the harmful radicals, the
tyrosine groups of sericin are also being converted into new tyrosyl radicals.
Since there was no overall loss in tyrosyl radical generation, the hydrogel

crosslinking efficiency was also not affected.

Although ascorbic acid at a concentration of 10mM did improve the
survival and viability of cells during the photoencapsulation process, it was also
shown to reduce the crosslinking efficiency of the PVA-Tyr gels by scavenging
the tyrosyl radicals required for the hydrogel formation. Conversely,
incorporation of sericin (0.5 and 1 wt%) did not impair the physical properties of

the PVA-Tyr/sericin gels formed, and was believed to be due to the abundance of
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tyrosine groups present in sericin. Moreover, 1% sericin was also revealed to
have the best cell protective effect. Therefore, all further cell encapsulation
studies are conducted with 1% sericin incorporated in the gels to ensure cell
survival without affecting the hydrogel crosslinking efficiency during the

encapsulation process.

6.3.2. L929s encapsulation in PVA-Tyr/sericin/gelatin hydrogels

Previous studies have shown that cell adhesive sequences in forms of
either peptides or proteins are important to promote cell growth and proliferation
in 3D hydrogel networks [212, 383, 392]. In this study, sericin was incorporated
into the PVA-Tyr gels as an antioxidant to protect the cells during the
encapsulation process. However, no cell adhesive sequences have been found in
this protein [244, 381]. Therefore, gelatin, which has an abundance of cell
adhesive motifs (RGD), was also co-incorporated with sericin into PVA-Tyr
hydrogels. It has been previously shown in Chapter 5 that gelatin could be
covalently bound into PVA-Tyr gels, and successfully facilitated 2D cell
adhesion on the gels but was not sufficient to protect the cells during the
encapsulation process. Therefore, this section is focused on evaluating the effect
of combining both sericin and gelatin in the gels on the behaviour of the
encapsulated cells. It was hypothesised that the antioxidative sericin will
scavenge the radicals detrimental to the cells during the photoencapsulation
process itself, while gelatin will further enhance the cell growth and function in
the gels over time. The concentration of sericin was kept constant at 1 wt%,

whereas the concentration of gelatin was varied from 0.01, 0.1 to 1 wt%. The
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sample names corresponding to the sample compositions were tabulated in Table

6.1 in section 6.2.4.

6.3.2.1. Cell viability and proliferation

All the L929s encapsulated in 1% sericin, 0.01% gelatin, 0.1% gelatin
and 1% gelatin gels retained high viability for all time points (up to 21 days) as
shown in Figures 6.3 and 6.4. The cells were able to proliferate and cell
aggregates were noticeable at later time points (14 and 21 days, Figure 6.4). Cell
proliferation leading to aggregation has been previously reported in the literature
[386, 392-394]. Chen et al. showed that breast tumour cells (LCC6) formed
multicellular spheroids when encapsulated in 2 wt% alginate hydrogels [395].
Aubin et al. also demonstrated that human liver carcinoma cells (HEP-G2)
encapsulated in 5 wt% gelatin methacrylate hydrogels were able to aggregate
after 5 days [396]. Fibroblasts encapsulated in pullulan methacrylate hydrogels
also formed clusters post encapsulation, where the aggregate diameter was found
to increase with time [397]. In this study, there was a marked difference observed
between PVA-Tyr/sericin and PVA-Tyr/sericin/gelatin gels. Significantly sized

cell aggregates were only visualised in gels with gelatin incorporated (Figure 6.4).

160



Chapter 6: Promoting cell survival, proliferation and function in degradable PVA-Tyr hydrogels

1% sericin -

Figure 6.3: Live-dead images of L929s encapsulated in PVA-Tyr/sericin gels and
PVA-Tyr/sericin/gelatin gels at 1 and 7 days; A = 1% sericin; B = 0.01% gelatin;
C = 0.1% gelatin; D = 1% gelatin; 1wt% sericin was incorporated in all

samples. Green = live; Red = dead; Scale bar = 100 pum.
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Figure 6.4: Live-dead images of L929s encapsulated in PVA-Tyr/sericin and
PVA-Tyr/sericin/gelatin gels at 14 and 21 days; A = 1% sericin; B = 0.01%
gelatin; C = 0.1% gelatin; D = 1% gelatin; 1wt% sericin was incorporated in all

samples; Green = live; Red = dead; Scale bar = 100 pm.
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This lack of cell proliferation and aggregation in the PVA-sericin gels is
confirms our hypothesis where although sericin was able to protect the cells
during the polymerisation, it was not able to promote cell proliferation and
aggregation, due to the absence of cell adhesive sequences. A study conducted by
Raza et al. reported that incorporation of cell adhesive peptide sequences into
PEG gels greatly promoted formation of epithelial cell clusters [383]. Therefore,
gelatin which has abundance of cell adhesive motifs (RGD) was believed to be
capable of significantly enhancing the L929s proliferation and aggregation in

these gels [357].

Moreover, the morphology of the cell clusters was also examined. At 14
and 21 days, cell spreading was only observed in 0.1% and 1% gelatin gels, and
not in 0.01% gelatin gels (Figure 6.4). F-actin staining for cell aggregates in 1%
gelatin gels showed that the encapsulated cells had elongated and spindled

morphology (Figure 6.5).

Figure 6.5: F-actin staining of L929s encapsulated in 1% gelatin (+18%PVA

and 1% sericin) hydrogels at 21 days. A = image taken at 10x (scale bar = 100

um); B = image taken at 40x (scale bar = 20 um).
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It was clearly visualised that the cells were forming tight cell-cell contact in the
aggregates (Figure 6.5). Furthermore, the cell clusters in 0.01% gelatin gels
remained individually separated at 21 days, while interconnected networks were
formed between cell aggregates in 0.1% and 1% gelatin gels (Figure 6.4). This
observation indicated that gelatin was required for cell spreading and network
formation in the 3D hydrogel matrix. Once again, it was believed that the cell
adhesion ligands present in gelatin was responsible for the migration of cells out
from the clusters. The fact that the formation of interconnected networks
happened only after 14 days, also indicated that a degree of gel degradation
might be required for migratory activity of the encapsulated cells. It was
hypothesised that as the hydrogel was degrading, the increase in average mesh
size combined with the reduction in the mechanical rigidity of the gel allowed
cell migration. It was previously reported that cells trapped in highly crosslinked
networks were unable to translocate their integrins to fibrillar adhesions, which
results in poor migratory action and matrix assembly [93, 94]. Fibroblasts
encapsulated in highly crosslinked collagen gels were unable to stretch and
proliferate [398]. Similarly, Peyton et al. reported that the spreading of smooth
muscle cells in PEG-fibrinogen gels decreased with increasing gel stiffness [399].
Nichol et al. also showed that endothelial cells encapsulated in 15 wt% gelatin-
methacrylate gels were unable to form cellular networks. However, when the
gelatin-methacrylate concentration was reduced to 5 wt%, interconnected
networks were observed after 2 days [154]. This result showed that higher
scaffold rigidity may limit the cell movement in the 3D environment. This

statement was also supported by Jeong et al. who demonstrated that
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morphologies and movements of cells encapsulated in alginate hydrogels were

greatly dependant on the substrate stiffness [398].

It should be noted that at 21 days the cell aggregates appeared to have a
necrotic core (stained red in the middle, Figure 6.4). This phenomenon might be
due to the compactness of the aggregates, where the core was unable to obtain
nutrients and oxygen required to maintain viability and function. This result
agrees with a study conducted by Skiles at al., where mouse insulinoma (MING)
aggregates encapsulated in PEG hydrogels had a hypoxic core, where diffusion
of oxygen across the cell aggregates was limited [400]. Overall, it was
demonstrated in this study that the combination of gelatin concentration and gel

degradation facilitated the spreading and migration of the encapsulated L929s.

Live-dead images were analysed to quantify the live cell coverage area as
a measure of cell density in the gel. There was no significant difference between
all the samples at 1 and 3 days. However, it was observed that starting from day
7 the gelatin containing gels had much larger cell coverage area (Figure 6.6).
Addition of gelatin markedly improved the bioactivity of the gels as seen at 14
and 21 days. 0.01% gelatin, 0.1% gelatin and 1% gelatin samples were analysed
to be significantly different to gels with no gelatin incorporation (1% sericin gels)
at both 14 and 21 days (Figure 6.6). 1% gelatin samples were by far the best
performing gels in terms of promoting cell proliferation (cell coverage area) and
were statistically different to 0.01% gelatin and 0.1% gelatin at 7, 14 and 21 days.
Once again, this result showed that although sericin was able to protect the cells
from radical damage during the encapsulation process, it was unable to promote
cell proliferation in the gel. A combination of both sericin and gelatin was

required to maintain cell survival and growth in the PVA-Tyr gels.
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Figure 6.6: Live cell coverage area of L929s encapsulated in PVA-
Tyr/sericin/gelatin gels. No significant differences (p<0.05) were observed
between all samples at time points 1 and 3 days. 0.01%, 0.1% and 1% gelatin
were significantly different (p<0.05) to 1% sericin at 14 and 21 days. 1% gelatin
was statistically different (p<0.05) to 0.01% and 0.1% gelatin at 7, 14 and 21

days.

6.3.2.2. Metabolic activity of L929s encapsulated in PVA-Tyr/sericin/gelatin
hydrogels

The metabolic activity of fibroblasts encapsulated in the PVA-
Tyr/sericin/gelatin hydrogels was evaluated by measuring the quantity of ATP
produced by the cells post encapsulation. It was shown that all the samples had
similar ATP concentration 1 day post encapsulation, and thus had similar cell

numbers (Figure 6.7).
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Figure 6.7: Metabolic activity of fibroblasts encapsulated in PVA-
Tyr/sericin/gelatin hydrogels. No significant differences (p<0.05) were observed
between all samples at time points 1 and 3 days. 0.01%, 0.1% and 1% gelatin
were significantly different (p<0.05) to 1% sericin at 14 and 21 days. 1% gelatin
was statistically different (p<0.05) to 0.01% and 0.1% gelatin at 7, 14 and 21

days.

However, L929s crosslinked in 1% sericin gels (no gelatin) produced a constant
level of ATP for all time points (i.e., no increase in ATP means no increase in
cell numbers). This result agreed with the live-dead assay (Figure 6.3 and 6.4)
where the L929s in 1% sericin gels survived the photocrosslinking process, but
did not show any significant growth and proliferation over time. On the other
hand, PVA-Tyr hydrogels which contained both sericin and gelatin (0.01%
gelatin, 0.1% gelatin and 1% gelatin) showed increased ATP levels over time.

Once again, this phenomenon matched the live-dead assay, where PVA-
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Tyr/sericin/gelatin gels showed significantly greater cell proliferation than PVA-
Tyr/sericin samples. A previous study conducted by Desimone et al. showed that
metabolic activity of fibroblasts encapsulated in collagen gels increased over a
14 days period [401]. As gelatin is derived from collagen and retains similar
cellular interaction sequences with native collagen, it was expected that the
presence of gelatin in PVA-Tyr gel would support the metabolic activity of
encapsulated fibroblasts. Moreover, statistical analysis showed that 1% gelatin
gels had significantly higher ATP compared to all other samples at 7, 14 and 21
days (Figure 6.7). This observation confirmed that the 1% gelatin gels are the
most suitable for cell encapsulation studies, and all further experiments were

conducted using this composition.

6.3.3. Characterisation of ECM produced in 1% gelatin encapsulated with
L929s

Cells encapsulated in the PVA-Tyr/sericin/gelatin gels were hypothesised
to secrete their own extracellular matrix while the gel degrades hydrolytically.
Therefore, the next step was to evaluate the function of the encapsulated L929s

in terms of ECM secretion, by characterising and identifying the ECM produced.

6.3.3.1. Macroscopic images of 1% sericin/1% gelatin gels encapsulated with
L929s

Macroscopic images of the samples revealed that at 1 day, the appearance
of samples with and without cells was very similar. However, cell clusters in
forms of white spots were noticeable at later time points in cell containing

samples (Figure 6.8). This result agreed with the live-dead assay where the
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encapsulated fibroblasts agglomerated in the 1% gelatin gels. Most importantly,
it was also shown that the samples without cells were almost completely
degraded and the structural integrity of the network was severely compromised at
14 days (Figure 6.8). In contrast, the cell containing samples were still
structurally intact. Similarly trends were observed at 21 days (i.e., 1% gelatin
gels encapsulated with L929s were still physically intact whereas samples

without cells were completely degraded, Figure 6.8).
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Figure 6.8: Macroscopic images of 1% gelatin hydrogels with and without L929s
encapsulated at time points 1, 7, 14 and 21 days. 1wt% sericin was also

incorporated in the sample. Scale bar = 1000 pm.

This observation clearly demonstrates that the hydrolytic degradation of
the samples was slowed down in the presence of cells. This result agrees with

previous studies conducted by Bryant et al., where the existence of cells in PEG-
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PLA hydrogels decreased the degradation rate of the hydrolytically degradable
hydrogels [111]. The incorporated proteins (sericin and gelatin) are also
susceptible to enzymatic degradation via collagenases/gelatinases secreted by the
cells. However, the concentration of the proteins incorporated was only 2 wt% (1
wit% sericin + 1 wt% gelatin) and the majority of polymer chains in the hydrogel
are still PVA-Tyr. Therefore, the bulk degradation of these gels is speculated to
be dictated by the hydrolysis of ester bonds on PVA-Tyr. It was also
hypothesised that the encapsulated cells could secrete ECM in the hydrogels and
the accumulation of ECM in the gel’s microenvironment over time might be the
key factor to the difference in the degradation rate observed. It was speculated
that the presence of cells and increasing amount of ECM in the hydrogel would
contribute to an overall lower water content, which would significantly decreased
the rate of hydrolysis for the degradable ester bonds [1, 111]. A very preliminary
study was conducted to quantify the total amount of ECM proteins in the
hydrogel samples using the micro Coomassie assay. The mass of proteins was
calculated from a standard curve generated using known amount of bovine serum
albumin (BSA). It was clearly observed that the total amount of proteins in the
samples with and without cells have distinctly different trends (see Appendix A).
However, this assay was unable to differentiate if the proteins observed in the
assay were ECM proteins secreted by the cells into the gel network, functional
proteins in the cell body (cell surface and transport proteins), or the proteins that
were original incorporated into the gel (i.e., gelatin and sericin). While the exact
quantity and origin of the proteins in the gel could not be ascertained, the

degradation studies indicated that proteins were being deposited (reduction in
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degradation). Therefore, further studies were conducted to identify and locate the

ECM produced in the gel through immunocytochemical analysis.

6.3.3.2. Immunocytochemical staining of ECM produced in 1% gelatin
hydrogels

The fibroblasts used in this study were from dermal tissue and were
previously reported to secrete a number of ECM proteins [402, 403]. The two
ECM molecules of interest in this study are collagen IV and laminin. Collagen
has an important role in maintaining skin structure, where specifically type IV
collagen is a major compound of the basal lamina that interacts primarily with
laminin. On the other hand, laminin is known to be a major constituent of the
dermoepidermal basement membrane of blood vessels. It has also been shown to
control a number of cellular functions, such as migration, differentiation and
proliferation that may be responsible for re-epithelialisation and vascularisation

during skin repair [404, 405].

In this study, both collagen IV and laminin were successfully immuno-
stained in the gels at 21 days (Figure 6.9 and 6.10). This observation is a clear
indication that the encapsulated L929s were able to secrete ECM in an attempt to
remodel the hydrogel network. It was also noticed that both collagen IV and
laminin were tightly associated within the cell aggregates. It appeared that
although the cells were able to secrete ECM, the matrix molecules were not
deposited into the acellular regions. Immunohistochemical staining
(haematoxylin-eosin) was also performed on these samples to locate the ECM

secreted but results were inconclusive (see Appendix B).
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Figure 6.9: Immunocytochemical staining of L929s encapsulated in 1% gelatin
hydrogel at 21 days; 1wt% sericin was also incorporated into the sample. A =
Nuclei (blue); B = F-actin (red); C = Collagen 1V (green); D=0verlay of A, B

and C; Image was visualised at 40x; Scale bar = 100 pum.
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Figure 6.10: Immunocytochemical staining of L929s encapsulated in 1% gelatin
hydrogel at 21 days; 1wt% sericin was also incorporated into the sample. A =
Nuclei (blue); B = F-actin (red); C = laminin (green); D=0Overlay of A, B and C;

Image was visualised at 40x; Scale bar = 100 um.

During tissue development, the ECM molecules are firstly secreted into the
pericellular regions then further developed before diffusing into the extracellular
regions [92, 111]. It was speculated that diffusivity of these ECM molecules is
strictly related to the network structure and crosslinking density [111, 406].
Therefore, there is a possibility that although the gel was degraded, the remaining

crosslinking was enough to restrict the mobility of the secreted ECM molecules
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in the hydrogel network. Nicodemus et al. also stated that if degradation of the
gel is too slow, the secreted ECM might be localised in the pericellular region [1].
It was then hypothesised that in this study that because the rate of hydrolytic
degradation of the hydrogels did not match the rate of ECM secretion, ECM
build-up in the pericellular region was noticed. Further studies are required to
study the ECM secretion in PVA-Tyr gels with various degradation time frames.
However, the fact that the encapsulated cells were able to survive, proliferate,
migrate and secrete ECM in the PVA-Tyr gels highlights that this system can be

potentially used as cell encapsulation matrices.
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6.4. Conclusion

In conclusion, it was successfully shown in this chapter that L929s were
able to survive the photoencapsulation process with the incorporation of
antioxidative ascorbic acid and sericin into the PVA-Tyr hydrogels. Sericin was
shown to be the better choice for this system when compared to ascorbic acid as
it was able to quench the harmful radicals and protect the cells without affecting
the hydrogel’s crosslinking efficiency. However, the presence of gelatin in the
gels was required to support cell spreading, growth, proliferation and metabolic
activity. The PVA-Tyr gels incorporated with both 1wt% sericin and 1wt%
gelatin were shown to have the greatest live cell coverage area and metabolic
activity, and were the most suitable composition for cell encapsulation. Collagen
IV and laminin were identified in the cells encapsulated samples, where both
proteins were localised on the cell aggregates. Overall, the PVA-Tyr gels showed

great promise as tissue engineering matrices for cell encapsulation purposes.
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7.1. Introduction

Synthetic hydrogels have been examined for decades as potential long
term cell encapsulation matrices. Although these gels have good mechanical
stability and tailorable physical properties, there has been little success with long
term cell encapsulation studies, as cells tend to lose viability and function over
time. This issue is due to the lack of biological recognition sites in the synthetic

hydrogel which are vital for cellular signalling and function.

Therefore, this thesis aimed to address this challenge by using
biosynthetic hydrogels based on PVA and bioactive proteins to encapsulate cells.
To date, several approaches have been researched for successful covalent
incorporation of biological molecules into synthetic polymeric networks.
However, a common issue with these techniques was the need to chemically
modify the biological molecules prior to encapsulation, which may have affected
their bioactivity and capability to promote cell viability and function in the
hydrogels. Therefore, the major research aim of this thesis was to evaluate the
feasibility of covalently incorporating biological molecules into synthetic
hydrogels without any prior chemical modification. It was hypothesised that by
using a photocrosslinking system that has previously been used to crosslink
native proteins, proteins can be covalently integrated into synthetic hydrogel
networks. In addition, cells encapsulated within these biosynthetic hydrogels
would have better viability and function over time compared to pure synthetic

hydrogels.
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7.2. Thesis conclusions

7.2.1. Development of a phenolated PVA system that can be crosslinked
using the Ruthenium/persulphate system.

In this thesis, a visible light initiated crosslinking system
(Ruthenium/persulphate) that had only been previously used for crosslinking
proteins through their tyrosine (phenol) moieties was employed. It was proposed
that by grafting similar phenol moieties onto PVA, these phenol moieties could
form covalent crosslinks with the tyrosine groups of the proteins using the same
photopolymerisation system. It was demonstrated that phenol moieites in the
form of tyramine, were successfully conjugated onto PVA (PVA-Tyr) using a
conventional carboxyl-amine coupling reaction. The synthesised PVA-Tyr was
able to be crosslinked into hydrogels using the photocrosslinking system that had
never been applied to synthetic polymers. It was also noted that the carboxyl-
amine reaction employed to synthesise the PVA-Tyr introduced ester bonds into
the macromers. The fabricated PVA-Tyr hydrogels were characterised to degrade
hydrolytically via these ester linkages present in the network. Most interestingly,
the hydrogel’s degradation was pH and temperature sensitive, which highlights
the potential of using these gels for other biomedical applications such as oral
specific drug delivery carriers. In an attempt to tailor the physical properties of
the PVA-Tyr hydrogels, it was shown that varying the initial macromer
concentration successfully varied the effective macromer fraction and
crosslinking density of the hydrogels. The degradation rates of the gels were
dependant on the crosslinking density. Moreover, the PVA-Tyr macromers and
degradation products collected from the hydrogel were evaluated to be non-

cytotoxic.
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7.2.2. Covalent incorporation of non-chemically modified proteins into PVA
hydrogels

Non-chemically modified gelatin was successfully covalently bound to
the PVA-Tyr network, where ~75% of gelatin was still present in the hydrogel
after 3 days. It was also shown that incorporating minimal concentrations of
gelatin (0.01, 0.1 and 1wt%) did not affect the base characteristics (mass loss,
swelling and degradation profile) of the PVA-Tyr hydrogels, and gelatin retained
its bioactivity. The retention of the gelatin bioactivity was assessed by the cell
adhesion studies using three different cell types. The key finding was that gelatin
concentration as low as 0.01wt% (which has never been shown in the literature)
successfully facilitated cell adhesion on the gel surfaces. It was also once again
confirmed that the degradation products of the PVA-Tyr hydrogels did not affect
the viability of adhered cells which showed that these gels have great potential as

2D cell culture platforms.

7.2.3. Encapsulation of cells within biosynthetic PVVA/protein hydrogels.

Initial 3D fibroblasts encapsulation studies in pure PVA-Tyr and PVA-
Tyr/gelatin gels revealed that the radicals formed during the photocrosslinking
process were detrimental to cells. Therefore, antioxidants were incorporated into
the gels to overcome this drawback. It was shown that the antioxidative silkworm
cocoon protein, sericin, successfully protected the cells from radical damage
without affecting the physical properties of the PVA-Tyr gels, unlike the gold
standard for antioxidants, ascorbic acid. However, having just sericin as the sole
biological analogue in the PVA-Tyr gels was insufficient to promote cell growth

and proliferation. Combination of both sericin and gelatin in the gels successfully
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facilitated cell proliferation. Cell clusters were formed at higher time points
where interconnected networks between clusters were observed. Increasing the
concentration of gelatin also increased the overall live cell coverage area and
ATP levels in the gels. The cells were able to stay viable and metabolically
active over 21 days. Lastly, extracellular matrix (ECM) molecules such as
collagen 1V and laminin secreted by the encapsulated cells were also identified in
the gels. Overall, the PVA-Tyr hydrogel system developed in this thesis has

shown great potential as cell encapsulation matrices.

In conclusion, this thesis has reported the fabrication of biosynthetic
hydrogels where the biological molecules were covalently incorporated into the
synthetic network without any chemical modification process. The resultant
biosynthetic hydrogels were shown to improve viability and proliferation of
encapsulated cells compared to pure synthetic hydrogels. The major outcomes

from this work are summarised below:

1. Novel PVA-Tyr was synthesised and crosslinked using a visible light
initiated polymerisation system that has only been traditionally applied to
proteins.

2. The PVA-Tyr hydrogels were characterised to be hydrolytically
degradable where degradation was dependent on pH and temperature.

3. Manipulating the hydrogel’s initial macromer concentration successfully
produced hydrogels of varied effective macromer fraction, crosslinking
density and degradation period.

4. Non-chemically modified gelatin was covalently incorporated into the

network at low concentrations without interfering with the base PVA-Tyr
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hydrogels’ physical properties, and successfully facilitated 2D cell
adhesion on the gels’ surface.

Both sericin and gelatin was required for 3D cell encapsulation studies,
where cells were shown to be more viable and metabolically active in

PVA-Tyr/proteins gels compared to pure PVA-Tyr gels.
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7.3. Future recommendations

7.3.1. Further modulation of hydrogel degradation period

The degradation time of the PVA-Tyr hydrogels was shown to vary
between 17 to 27 days by changing the initial macromer concentration. In order
to have a larger range of degradation period, future studies can investigate the
effect of tailoring the functional group density on the degradation rate of PVA-
Tyr gels. It has been reported in the literature that increasing number of
functional groups conjugated onto synthetic polymer backbones successfully
fabricated hydrogels of higher crosslinking density and longer degradation time.
For example, Mawad et al. showed that increasing the number of ester acrylate
groups on PVA from three to seven also increased the total degradation time
from ~50 to 120 days for ~10wt% hydrogels [72]. Similar, increasing the number
of functional groups from five to ten in PVA-Hydrazone hydrogels also
significantly slowed down degradation (50% vs 80% degradation after 100 days
for ten and five functional groups respectively) [57]. It is thus recommended that
by using this approach, PVA-Tyr hydrogels with tunable degradation period can

also be fabricated.

7.3.2. Adaptation of this system to encapsulate other cell types

Throughout this thesis, the developed biosynthetic hydrogels was only
used to encapsulate L929 fibroblasts and showed good viability as well as
metabolic activity for a long period of time. Therefore, future studies should
focus on encapsulating different types of cells into these hydrogels. In particular,
gelatin which was used in this system has been showed to support viability and

function of Schwann cells, chondrocytes, endothelial cells, cardiomyocytes and
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mesenchymal stem cells [121, 156, 396, 407]. Therefore, further extending the
cell encapsulation studies to these cells would be of interest. Preliminary studies
have shown that rat pheochromocytoma cells (PC12s), Schwann cells, and
cardiomyoctes have been successfully encapsulated in the PVA-Tyr gels (with
sericin and gelatin), and showed good viability and function over 2 weeks
(results not shown). However, further characterisation needs to be done to

evaluate the function of the encapsulated cells.

Moreover, co-encapsulation of different kinds of cells in the PVA-Tyr
gels can also be examined. In this thesis, although the encapsulated L929
fibroblasts were shown form cell aggregates with good viability and metabolic
activity after a period of time, the core of the cell clusters also appeared to be
necrotic. Endothelial cells can be co-encapsulated with the fibroblasts to
overcome this problem. Eckermann et al. showed that cell spheroids formed by
co-culturing fibroblasts and endothelial cells have no necrotic core after 14 days
of culture, where tubular endothelial cells structures were visualised in the
clusters [408]. It was believed that the microvascular structures formed by the
endothelial cells were able to supply oxygen and nutrients to the core of the

spheroids preventing cell death [408].

To date, many co-culture studies are done on 2D cell culture platforms.
However, 3D cell culture matrices are more suitable as mimics of the native body
environment to provide a better understanding of cellular interactions with
tissues in vivo [409]. In the body, complex communication pathways between
multiple cells of different kinds are required for tissue repair and development.

Therefore, the PVA-Tyr system developed in this thesis can also be potentially
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used as 3D cell co-culture platforms. It can be used to study the effect of co-

culture and paracrine signalling on cellular function and differentiation.

7.3.3. Incorporation of other biological molecules

The major advantage of the PVA-Tyr system used in this thesis was its
ability to form covalent crosslinks with biological molecules through their
tyrosine moieties. Therefore, any biological molecules that may improve cell
function can also be covalently incorporated into the PVA-Tyr hydrogels, as long
as they contain tyrosine residues. For example, growth factors such as fibroblast
growth factor (FGF) and vascular endothelial growth factor (VEGF) have been
reported to contain tyrosine residues. Moreover, FGF has also been shown to
promote fibroblast proliferation, whereas vascular endothelial growth factor
(VEGF) induces endothelial cell proliferation and migration [410-412].
Therefore, it is recommended that growth factors can be incorporated into the
PVA-Tyr gels in the future to enhance proliferation and function of the

encapsulated cells.

7.3.4. Further assessment of biological properties

The biological properties of the biosynthetic hydrogels fabricated in this
thesis were assessed by in vitro culture of the samples and assays to evaluate
viability and metabolic activity. Although these assays are fundamental to assess
the potential of the system as cell encapsulation matrices, other assays can also
be employed to further evaluate the functionality of encapsulated cells. For
example, the photocrosslinking technique used in this system generates radicals

that may induce oxidative damage to the encapsulated cells. The radicals and
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subsequent reactive oxygen species formed can be quantified using the carboxy-
2,7-difluorodihydrofluorescein diacetate dye, as a measure of the level of

oxidative stress exerted to the cells [370].

In addition to in vitro studies, animal studies are also important to
determine the performance of these PVA-Tyr gels in vivo. As the in vivo
environment is complex and unpredictable, it is not possibly to predict the
behaviour of cells, or rather the biomaterial in vivo by in vitro assays only.
Therefore, it is recommended that future studies should focus on in vivo studies

to evaluate the host tissue responses of the PVA-Tyr gels.
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Appendix A - Quantification of total protein mass in 1% gelatin
hydrogels using micro Coomassie assay (with and without L929s

encapsulated).

Micro Coomassie assay (Thermo Fisher Scientific) was employed to
quantify the total amount of ECM deposited by cells in the 1% gelatin gels (+18
wt% PVA-Tyr and 1 wt% sericin). In brief, samples were harvested at respective
time points (1, 3, 7, 14, 21 days) then allowed to degrade completely in 5ml
DPBS at 60°C for 2 days. 150ul of sample was then added with 150ul of
Coomassie working reagent, and incubated at room temperature for 15min. The
samples’ absorbance was read at 570nm using a plate reader (Tecan Infinite
F200). The protein concentrations were calculated from a standard curve

constructed using known concentrations of bovine serum albumin (BSA).

It was observed that in the samples without cells, the total mass of protein
in the gel decreased over time (Figure A.1). This result was thought to be the
release of sericin and gelatin from the gels over time, and matches the protein
release study conducted in Chapter 5. However, when cells were encapsulated in
the gels, a distinctly different trend was observed (Figure A.1). The mass of
protein in the gels remained constant from 3 to 14 days then increased from 14 to
21 days. It was also noted that the data point for 21 days has huge standard
deviations. Since the bulk of the hydrogel was already degraded at 21 days, the
hydrogels were weak and flimsy, and posed technical difficulties in harvesting
the samples, hence the huge error bars. Moreover, the total mass of proteins
quantified in the gels was also not selective to the secreted ECM as cells also

possess membrane surface bound proteins and transport proteins. Therefore, the
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mass of ECM deposited into the gels by the encapsulated cells was unable to be

determined from this study.

0.35- A -cells
o) o +cells
£ 0.304
S
o 0.25- % /
S 1]
-9
i 0.20- %‘
'; .
g 0.15- 0
o
2 0.10- t}
‘s A %
®  0.05-
= 5
0-00 | | | | | | | 1 | L] | ]

0 2 4 6 8 10 12 14 16 18 20 22

Figure A.1: Mass of protein in 1% gelatin (+18wt% PVA-Tyr and 1wt% sericin)

hydrogels with and without cells.
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Appendix B - Haematoxylin and Eosin (H&E) staining of sectioned

1% gelatin hydrogels encapsulated with L929s

1% gelatin hydrogels (+18wt% PVA-Tyr and 1wt% sericin) containing
L929 fibroblasts were fixed for 24 hours at room temperature in 10% neutral
buffered formalin (Confix “Clear” pH 7.0). Formalin-fixed specimens were then
cryo-sectioned (~10pum) and mounted on positively charged silane slides.
Sections were stained in Harris haematoxylin (Surgipath Medical) for 4 minutes,
washed in water, differentiated in 1% acid alcohol for 2 seconds and washed
again in water. Sections were then placed in Scott’s Blueing solution (Fronine)
for 20 seconds, washed and then counterstained in Eosin (Surgipath Medical) for

3 minutes and dehydrated, cleared and mounted with Ultramount (Fronine).

H&E stained images revealed the presence of large pores in the gels
(indicated by arrows) (Figure A.2). It was believed that these artefacts were
being generated during the cryo-sectioning process due to the smearing of the gel
sample on the sectioning blade. It was further hypothesised that this smearing
effect caused the removal of cells and ECM deposited in the gels. However,

further studies are needed to confirm this hypothesis.
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Figure A.2: Haemotoxylin and eosin staining of cryo-sectioned 1% gelatin
hydrogels (+18wt% PVA-Tyr and 1wt% sericin) at 21 days: A = 2.5x (Scale bar

= 100um); B = 10x (Scale bar = 50um); C = 20x (Scale bar = 20um).
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