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ABSTRACT

PEG [poly(ethylene glycol)] hydrogels have been applied as carriers and/or supporting
scaffolds in many areas including biomedicine, biotechnology and membrane science due
to their biocompatibility, nontoxicity, permselectivity and tunable properties. In this study,
physical properties of PEG hydrogels were tuned by molecular weight and concentration of
PEGDA monomer in the resulting hydrogel network and effect of such changes on protein
release and cytocompatibility were investigated. For this purpose, in the first step, PEG
hydrogels were formed by surface initiated photopolymerization and swelling experiments
were performed. Obtained data were used to estimate physical properties including mass
and volumetric swelling ratio, molecular weight between crosslinks and mesh size. The
inverse relations between physical properties and concentration of PEGDA were obtained.
Further, it was concluded that PEGDA molecular weight positively regulates physical
properties. In the following step, BSA and GLP-1 (9-37) were used as model biomolecules
to get insight into the release behavior of physically entrapped molecules from PEG
hydrogel formed by surface initiated photopolymerization. The diffusion experiments
showed that BSA and GLP 1(9-37) can be released from PEG hydrogels depending on both
solute and network properties such as solute size and molecular weight, swelling ratio and
mesh size. In the last part, hydrogels with or without RGDS functionality were synthesized
to determine cytocompatibility of the applied system. It was showed that this system can
support fibroblast viability regardless of molecular weight and concentration of PEGDA. In
conclusion, PEG hydrogels synthesized here are applicable for controlled release of

bioactive molecules and cell based studies.



OZET

PEGDA [poli(etilen glikol)] sujelleri biyotip, biyoteknoloji ve membran bilimleri gibi bir
cok alanda biyouyumlu, sergici gegirgen olmalari, toksik olmamalar1 ve degistirilebilir
Ozelliklere sahip olmalarindan dolay1 tasiyict ve/veya destekleyici yap1 iskeleleri olarak
kullanilmaktadir. Bu ¢alismada, PEG sujellerinin fiziksel 6zellikleri PEGDA monomerinin
molekiiler agirhigina ve konsantrasyonuna bagl olarak control edildi ve bu tiir
degisikliklerin protein salimma ve hiicre uyumluluguna etkisi incelendi. Bu amagla, ilk
asamada, PEG sujelleri ylizeyden basalayan fotopolimerizasyon ile olusturuldu ve su alimi
deneyleri yapildi. Elde edilen veriler kiitlesel ve hacimsel su alimi, capraz baglar arasindaki
molekiiler agirlik ve por boyutunu hesaplamak icin kullanildi. Fiziksek ozellikler ile
PEGDA konsantrasyonu arasinda ters iliski elede edildi. Ayrica, PEGDA’nin molekiiler
agirhgmin fiziksel 6zellikleri olumlu yonde etkiledigi gozlendi. Bir sonraki agamada, BSA
ve GLP1 (9-37) yiizeyden baslayan fotopolimerizasyon ile olusturulan PEG sujelinden
fiziksel olarak hapsedilmis molekiillerin salim davaranigini inclemek icin model
biyomolekiiller olarak kullanildi. Difiizyon deneyleri BSA ve GLP1 (9-37)’nin PEG
sujellerden ¢oziinen madde biiyiikliigii ve molekiiler agirligi, su alim miktar1 ve por boyutu
gibi hem ¢6ziinen madde hem de ag 6zelliklerine baglh olarak salinabilecegini gosterdi. Son
bolimde, RGDS igeren ve igcermeyen PEG sujelleri, uygulanan sistemin hiicre
uyumlulugunu test etmek i¢in kullanildi. Bu sistemin fibrablast yasayabilirligini PEGDA
molekiiler agirligi ve konsantrasyonuna bagl olmadan destekleyebilecegi gosterildi. Sonug
olarak, bu ¢alismada elde edilen PEG sujelleri biyoaktif molekiillerin kontrollii salimi ve

hiicresel ¢alismalarda kullanilabilir.
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Chapter 1

INTRODUCTION

Hydrogels are water swollen networks that have created great interest due to their
high water content, biocompatibility and especially their mechanical and chemical
similarity to the natural environment of the cells. So far, they have been used for cell,
bioactive molecule and DNA delivery, in dental materials and as biosensors.[1-4] In cell
and drug delivery areas, promising studies led to the growth of “gradient hydrogels” to
mimic cell behavior and fate of the natural extracellular matrix. Controlled delivery
studies have also been conducted with gradient hydrogels. [5]

Recently, synthetic hydrogels composed of poly(ethylene glycol) diacrylate were used
in tissue engineering and drug delivery applications extensively because of their non-
immunogenicity, biocompatibility, nontoxicity and tunable properties. Additionally, they
have been approved by the FDA.[6, 7] PEG incorporated hydrogels are applied as carriers
to release molecules including bovine serum albumin, vitamin B12, ovalbumin,
lysozyme, immunoglobulin G, insulin, myoglobin and the vascular endothelial growth
factor.[8-11] In addition to therapeutic studies, PEG hydrogels have been considered as
platforms to promote vascularization, to provide immunoprotection of pancreatic islets
from immune system, and for fibroblast migration and proliferation.[12-15]

In recent studies, gradient hydrogels have been generated with microfluidic devices
via a two-step approach, either with chemical or physical gradients. In these systems,
gradients were formed and stabilized by crosslinking.[5] For example, Delong et al. used

a gradient maker to form concentration gradients of RGDS on the PEG hydrogel surface
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to direct fibroblast migration and alignment.[16] In 2009, Nemir et al. produced an
elasticity gradient in PEG hydrogels by mixing two different molecular weights of
PEGDA with a gradient maker to asses mechanical and swelling properties and they also
applied patterned elasticity to determine macrophage adhesion.[17] Instead of using a
two step approach, in 2004, Kizilel and her colleagues developed a novel technique with
PEGDA to form PEG hydrogels with a permeability gradient.[6] This procedure allows
for the synthesis of hydrogels with permeability gradients using a single
photopolymerization step. With this technique, it is also possible to study controlled drug
and protein delivery as well as cell-matrix interactions such as matrix remodeling,
migration and differentiation in 2D and 3D environments. Semi-permeable barriers can
be formed with these networks to control diffusion of molecules while preventing
immune rejection and cell leakage. Also, these networks can be used to generate covalent
gradients of bioactive molecules such as GLP-1 (7-37). [18, 19]

In this thesis, chapter 2 provides an overview on recent advances in cell and drug
delivery from PEG hydrogel networks to give general information. The chapter includes
PEG hydrogel properties, synthesis and applications in drug delivery and tissue
engineering applications. Also, it addresses significance of permeability and
cytocompatibility of PEG and other hydrogel networks.

Chapter 3 presents materials and methods used in experimental part of this thesis. In
the beginning of chapter 3, PEG hydrogels having permeability gradients were
synthesized by surface initiated photopolymerization in a single step to characterize their
properties. For this purpose, swelling experiments were performed to calculate swelling
ratio, molecular weight between crosslinks (M) and mesh (pore) size, since these
properties determine transport properties of the membrane. Swelling experiments were
performed to estimate permeability properties of hydrogels formed with various PEGDA

molecular weights and concentrations.
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Chapter 3 also explains how PEG hydrogels were synthesized for controlled release of
bovine serum albumin (BSA) and GLP-1 (9-37). This type of release can be used for site-
specific drug or bioactive molecule delivery without adverse effects on bolus injection
and can be used to form therapeutic agent gradients in hydrogel. Further, it provides
information about molecule size that can pass through PEG membrane. These results can
be considered for immunoprotection and permeability capacity of PEG hydrogel.

In the last part of the chapter, PEG hydrogels were functionalized with RGDS peptide
to enhance cell adhesion. Viability assays with fibroblasts were performed to determine
the cytocompatibility of the system, since proof of the nontoxicity of the system is
required for applicability in biological systems.

Following chapter 4 with the results and discussion, this thesis ends with Chapter 5 by
summarizing conclusion and future work that can be carried out using the proposed

system.
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Chapter 2

LITERATURE REVIEW

2.1. Hydrogels
2.1.1. Hydrogels: Properties and Applications

Hydrogels are water swollen networks that absorb large quantities of water without
showing dissolution profile in water (i.e. insoluble in water) due to physical or chemical
crosslinks provided for integrity. These three dimensional networks can absorb water by
hydrophilic side groups such as —OH, -CONH-, -CONH,-, -COOH and -SOzH.[1, 20]
After Wichterle and Lim developed poly (2-hydroxyethyl methacrylate) gels for contact
lenses in the 1960s,[4] hydrogels created great interest in both tissue engineering and
drug delivery applications due to their biocompatibility and water content as well as
mechanical, compositional and physicochemical similarity to the extracellular matrix.[1-
4]

When treatment of a disease with cell transplantation is used as strategy, direct
injection causes rapid immune response, thus cell viability and graft success decrease.
Immunosuppressive drugs can also be used with transplanted cells, but this increases
tendency to get other infections. Instead, encapsulating cells in hydrogels is a promising
strategy to limit access of immune cells and to mechanically support cells. These all
increase efficacy and viability of transplanted cells and control is possible by material

immunogenicity and porosity. So far, hydrogels are applied for cell studies such as islets,
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nerve, cartilage, liver and cornea as well as DNA, growth factor, protein and drug
delivery.[2, 18, 21] In such studies, it is also proven that hydrogels are good candidates as
drug and protein carriers, since they do not destroy structure and therapeutic functionality
of the drug/protein.[9] For example, Zisch and his colleagues covalently immobilized
vascular endothelial growth factor to proteolytically degradable PEG hydrogel and
showed that as the matrix was cleaved by cells, released protein induced vascularization
in implanted site in adult rat models.[22] In another study, Kizilel and her colleagues
used PEG multilayers formed by surface initiated photopolymerization with a photomask.
This application is a useful tool to study cell behavior in 2D. [23]

For these applications, polymers used in hydrogel chemistry are either natural or
synthetic. Naturally derived hydrogels are mostly composed of hyaluronic acid, fibrin,
alginate, collagen, dextran, chitosan, gelatin and agarose. They are good carriers because
of inherent properties such as proteolytic degradation, biological recognition and
remodeling. Purification, insufficient mechanical properties, batch-to-batch differences,
uncontrollable mechanical and biochemical properties, immunogenicity and disease
transmission capacity of natural materials cause severe problems in biomedical
applications.[21, 24-27]

In contrast, polymers applied in synthetic networks are mostly formulated with
monomers such as poly(ethylene glycol), poly(vinyl) alcohol, hydroxymethyl
methacrylate, N-isopropyl acrylamide and poly(acrylic) acid. Synthetic hydrogels are
produced under mild conditions, they are biocompatible and posses tailorable properties.
For example, a porous structure can be tuned by changes in the number of crosslinks.
Furthermore, the manufacturing process for synthetic hydrogels is highly reproducible
and synthetic hydrogels can be modified to gain some properties that provide some
benefits.[21, 26, 28] For instance, depending on the application, hydrogels are designed

as enzymatically, hydrolytically or environmentally (e.g. pH, temperature, electric field)
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degradable.[28] In such studies, Seliktar and his colleagues developed enzyme sensitive
biocompatible PEG hydrogel to deliver the vascular endothelial growth factor (VEGF)
for vascular healing and visualized cell attachment.[29] Drapala et al. established thermo-
responsive poly(N-isopropylacrylamide) (pNIPAAm) hydrogels and applied them for
controlled release of bovine serum albumin.[30] Alternatively, magnetic or electric field,
glucose, urea, pH, temperature, morphine and antibody sensitive hydrogels are currently
being studied for various applications.[4] Also, synthetic hydrogels can be modified to
have adhesion sites for a wide variety types of cells such as osteoblasts, fibroblasts,
smooth muscle, epithelial and endothelial cells to study cell behavior.[31, 32] As an
example, Burdick et al. proposed mineralization and differentiation of osteoblast due to
the osteoblast like growth factor released from degradable RGDS functionalized PEG
hydrogels.[33]

Hydrogels are designed with chemical or physical crosslinks. Chemical crosslinks are
compromised of covalent bonds. They are generated by radical polymerization, chemical
reaction of complementary groups, high energy irradiation and by using enzymes.
Physical crosslinks are entanglements, crystallites and weak bonds such as VVan der Waals
interactions and hydrogen bonds. Physical links can be introduced to the network
structure by ionic interactions and hydrogen bonds.[1, 34, 35]

Hydrogels are usually formed with homopolymers or copolymers and are classified
according to a wide variety of criteria including charge, morphology and network
structure. Side groups render them as neutral or ionic networks. Also, based on
morphology, they are classified as supermolecular structures, hydrocolloidal aggregates,
amorphous, semicrystalline and hydrogen bonded structures. Additionally, alterations in
network structure divide hydrogels into three groups: Nonporous, microporopous and

macroporous.[1]
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Porosity property has a profound effect on nanoscopic properties of hydrogels, since
by adjusting permeability by porosity, semi-permeable barriers can be formed to control
diffusion of molecules/metabolites and nutrients/wastes while preventing immune
rejection and cell leakage (Figure 2.1). [18, 36] Moreover, drug loading and cell behavior
such as migration, differentiation, proliferation, tissue regeneration and apoptosis can be
dictated by permeability, mechanical and biochemical properties.[5] In drug eluting
systems, controlled sustained site specific release is governed by pore sizes and crosslink
density.[28] This parameter can be adjusted with changes in backbone chemistry of
polymeric materials or physical properties of hydrogels. For instance, hydrophilicity of
the groups can be increased to enhance mass transport. It is also possible to remodel
compositions of initial monomers and their ratios, crosslink density, molecular weight
and concentration of polymeric material, functional group density and polymerization
conditions to control permeability by pore (mesh) size, network structure and swelling.
[36]

immune system

components
-
I . "
- \
o —l = e
. y " waste
nutrients \ /
\ o P products
\ 7
- cell Therapeutic
diii agents (drug,
) hydrogel hormones)

Figure 2.1. Semi-permeable membrane for tissue engineering and therapeutic agent

delivery
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Beyond these studies, for the last few years, there have been noticeable attempts to
produce hydrogels with chemical or physical “gradients”. These attempts were inspired
from the nature of extracellular matrix (ECM). ECM presents physical, chemical and
mechanicals guides to determine cell fate and to regulate migration, proliferation and
interaction. The gradient cues drive processes such as morphogenesis, chemotaxis,
embryogenesis and wound healing. These gradients are used to get detailed insights about
cell-biomaterial interaction and other cellular processes. Moreover, both in tissue
engineering and drug delivery approaches, gradients are applied to mimic ECM and
control the release of molecules.[5] Gradients are formed by gradient photo-crosslinking
methods and microfluidic devices. The chemical gradients in hydrogels are composed of
immobilized peptide/proteins and soluble growth factor gradients. Physical gradients
cover stiffness, pore size and porosity gradients and are favorable for studying the

processes of mechanotransduction and cell behavior.[5]

2.1.2. PEG Hydrogels
2.1.2.1. PEG Hydrogel Properties

Poly(ethylene glycol) (PEG) (Figure 2.2) is a non-immunogenic, biocompatible,
hydrophilic, nontoxic, branched or linear, FDA approved polyether with tunable
properties.[6, 37, 38] “PEG” is used for molecular weights less than 20 kDa whereas
higher molecular weights are known as “PEO [poly(ethylene) oxide]”.[7] When PEG is
converted into hydrogels, it presents ester bonds for hydrolysis.[39] The characteristics of
PEG are influenced by molecular weight and chain shape. Molecular weights less than
400 Da PEGs are oil. Those between 1.5-2 kDa PEGs have a waxy appearance, and
higher molecular weights are in powder form. PEGs are sensitive to oxidation resulting

chain cleavage, so they should be stored under inert atmosphere.[40]
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PEG is synthesized by acyclization of ethylene oxide and used for the production of
PEG derivatives such as PEG diacrylate (Figure 2.3) and PEG dimethacrylate.[41, 42]
These PEG derivatives, modified with adhesive ligands, growth factors and degradable
sequences,[43-45] are synthesized to obtain desired properties in various applications
including medical devices, implants, drug and gene delivery.[7] Furthermore, it is applied
in some FDA approved or advanced clinical trials of proteins and oligonycleotides in
hepatitis C, rheumatoid arthritis, anemia and several other diseases. [40]

@) H
H% \4\0/
n

Figure 2.2. Structure of PEG [poly(ethylene) glycol]

PEG acts as a blank state and thus resists absorption of proteins and prevents immune
response. This bioinertness is the result of osmotic and entropic properties based on steric
repulsion of hydrated PEG chains. The ethylene oxide units in PEG provide
hydrophobicity whereas as oxygen units interact with water molecules. With this unique
behavior, PEG can be dissolved both in water and organic solvents.[7, 40] Also, it has
high water content similar to extracellular matrix properties, which makes PEG desirable

to use in cell-based therapies.[6]
O
(0]
A
o n
Figure 2.3. PEGDA [poly(ethylene glycol) diacrylate
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2.1.2.2. Applications of PEG Hydrogels
2.1.2.2.1. Homogenous PEG Hydrogels

In order to treat various types of diseases such as diabetes, hypoparathyoidism,
cancer, Parkinson’s and Huntington’s disease [36, 46] and to unravel characteristics of
tissues, mimicking the natural environment and protection from immune system are
significant. Natural environment provides different levels of stiffness, porosity, topology
and morphogens for each tissue. By specifically mimicking desired tissue, tissue
regeneration/development and elimination of requirement for donors will be achieved.
Even at the cellular level, processes such as migration, differentiation, proliferation and
apoptosis need to be investigated for tissue engineering. Also, controlled release of
biological active components can be performed.[5] For this, PEG hydrogels are
engineered with soluble/immobilized growth factors, proteolytically degradable
sequences or adhesion peptides in studies such as vascularization, immunoprotection of
pancreatic islets, chondrocyte metabolism, fibroblast migration and proliferation, human
mesencymal stem cell viability.[12-14, 47, 48]

For these studies to be applicable in vivo, in addition to biocompatibility and
mechanical stability, membrane permselectivity should be characterized. Hydrogel
membrane should allow for the transfer of oxygen, nutrients, metabolites, wastes and
when required, transfer of therapeutic agents, but it should be resistant to immune system
components. As a result, balance between mass transport and molecular weight-cut-off
for material has a strong effect on encapsulated cell viability and functionality.[36]

Key determinants of permeability for PEG hydrogels are backbone chemistry,
crosslinking density, swelling ratio, molecular weight and concentration.[36] As a result,
characterization of the membrane is as crucial as its functionality for supporting cells in

tissue engineering applications. For example, Bryant et al. encapsulated chondrocytes in
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PEG hydrogels for development of articular cartilage and reported that increasing
crosslink density and mesh size caused higher decrease in cell proliferation and viability,
as crosslinking density has effect on swelling ratio, and mesh size. These two parameters
determine the amount of water uptake, molecular weight cut-off and solute diffusion rate
through the hydrogel.[47] Additionally, Lin and her colleagues showed that chondrocyte
behavior was affected heavily by mesh size: large mesh size supports chondrocyte
viability and more collagen deposition, less glycosaminoglycan synthesis. [49] In another
study, Moon et al. showed that increase in swelling ratio supported more branch
formation by HUVECs in angiogenesis. When these hydrogels were transplanted into
mouse cornea, invasion of blood vessel through VEGF including hydrogel and
inosculation were clear.[12] In another study, Bott et al. showed that human dermal
fibroblasts had higher proliferation rate in stiffer MMP sensitive PEG hydrogels.[15]
Similarly, vocal fold fibroblast showed higher proliferation rate and lower ECM protein
deposition in higher mesh size (lower elastic modulus).[50] Also, cell clusters such as
pancreatic islets were covered with PEG hydrogel membrane to protect the cells from
immune attack. Weber et al. showed that this procedure did not interfere with islet
function and viability. Although islets showed similar viability with networks of higher
molecular weights of PEG that present larger pores provided faster and more insulin
release.[51]

In addition to cell and cell based drug delivery studies, PEG incorporated hydrogels
function as carriers to release various proteins and growth factors including bovine serum
albumin, vitamin B12, ovalbumin, lysozyme, immunoglobulin G, insulin, myoglobin, and
the vascular endothelial growth factor.[8, 9, 11, 51] In these applications, capability to
release specific molecular weight is a good indicator to determine molecular weight cut-
off membrane, since in addition to their therapeutic activity, they provide clues about

upper limit of the membrane.[36] Moreover, side effects of bolus injection can be
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overcome, half life of the agent can be prolonged and site specific controlled delivery can
be done with hydrogels, since oral or transdermal administration decreases bioactive
molecule bioavailability due to denaturation and degradation. Also, these molecules
readily have short half-life, usually less than one hour. For example, after intravenous
injection, VEGF has half life of ~50 min and high burst concentrations can cause severe
problems such as embryonic lethality and malformed vessel induction.[11, 52, 53] For
this reason, it would be important to characterize the diffusivityof those molecules. In
addition to physical entrapment, growth factor can be covalently incorporated into the
PEG hydrogel network. For example, Zisch and his colleagues used physically entrapped
and covalently immobilized VEGF in proteolytically degradable PEG hydrogels in rats.
The results showed that both methods support vasculogenesis and covalent
immobilization protects active conformation of the protein. They also concluded that

growth factor was kept from inactivation by proteases and immediate clearance.[11]

2.1.2.2.2. Gradient PEG Hydrogels

In their natural environment, cells experience various types of gradients ranging from
soluble growth factor to stiffness gradients. These gradients direct cells to specific fate
including differentiation, migration and proliferation. During the last few years,
researchers investigated the possibility of mimicking extracellular matrix in order to get
detailed information at the cellular level.[5] As a result of its desirable properties (in
Section 2.1.2.1) PEG hydrogels are accepted as one of the possible candidates to produce
gradients to study cell behavior in vitro and to study sustained protein release. The
remarkable examples are explained below and in all cases; gradient hydrogels are
produced in a two step approach: gradient formation followed by stabilization by

crosslinking.
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2.1.2.2.2.1. Chemical Gradients in PEG Hydrogels

Chemical gradients in PEG hydrogels are applied to control cell behavior by covalent
or physical incorporation of soluble growth factors and adhesion sequences.In 2005,
DeLong et al. produced gradients of covalently immobilized bFGF on PEG hydrogels
with a gradient maker to get detailed insights about cell migration and proliferation
during tissue regeneration. By using human aortic smooth muscle cells as models, they
showed that bFGF induced more proliferation compared to hydrogels without bFGF.
Further, the experiments showed that cells migrated towards increasing concentrations of
bFGF. They concluded that these gradients hydrogels can be applicable for effect of
protein gradients on cell behavior.[54] At the same year, they also showed that
immobilized gradients of RGDS are useful to study migration behavior human dermal
fibroblasts. As expected, these cells migrated towards higher concentrations of
RGDS.[54]

In another study, Peret and Murphy applied PLGA microspheres in PEG hydrogels.
They simply encapsulated BSA in microspheres. In the following step, they incorporated
these spheres in prepolymer solution and after settling down, they formed the hydrogel by
photo-crosslinking. The result was soluble protein concentration gradients in the
hydrogel. They concluded that soluble protein gradients in natural cell environment can
be mimicked by this way to study tissue development and regeneration as well as

controlled release.[55]

2.1.2.2.2.2. Physical Gradients in PEG Hydrogels

Changes in physical properties such as porosity and stiffness are another prominent

class of environmental factors for regulating diffusion and cell behavior. For this purpose,
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Chatterjee et al. produced PEG hydrogels with porosity (permeability) and stiffness
gradients. These gradients are used to study osteoblast behavior, since modulus gradients
are required for successful development of mineralized tissues and to support tissue
regeneration. They observed that increased modulus resulted in enhanced cell viability in
softer segments, since these regions swell more and as a result, they facilitate molecule
transport. In contrast, increasing modulus (increasing stiffness, decreasing porosity)
induced osteoblast differentiation and mineralization.[56]

In order to address the importance of bioinertness and cellular behavior response to
mechanical gradients, Nemir and West applied patterned elasticity on PEG hydrogels,
and illustrated the effect of rigidity of macrophage adhesion. The results indicated that
increasing rigidity (stiffness) promotes more macrophage adhesion to the substrate
surface. They also generated porosity gradients in PEG hydrogels with the use of a
gradient maker, and characterized mechanical properties. The results demonstrated that
softer surfaces had lower elastic modulus with higher water content.[17]

In addition to these studies, Cruise et al. used PEG hydrogel formed by surface
initiated (interfacial) photopolymerization to characterize permeability structure. [8] This
method allowed them to produce permeability gradients in a single step. They formed
hydrogels from 2-20 kDa PEGDA with concentrations ranging from 10% to 30% and
they were able to prove that this micrometer thick can limit the diffusion of molecules
with molecular weights higher than ~17 kDa.[8] During the same year, the authors used
interfacial photopolymerization to optimized conditions, and synthesized uniform layers
around pancreatic islet in order to protect them from immune system and to support both
viability and functionality.[57] In 2004 and 2006, Kizilel and her colleagues used surface
initiated photopolymerization on glass surfaces, where photoinitiator was covalently

bonded to the underlying substrate. Hydrogels synthesized with this approach could be
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formed in multilayers with or without patterns, which can be utilized to generate
permeability gradients, or to localize proteins with gradients in multilayers. [6, 23]

All of these previous studies demonstrated that, by regulating network properties such
as pore size and pore size distribution (porosity gradient), it is possible to determine cell
behavior and controlled release of bioactive molecules from gradient PEG hydrogel
networks. In this study, the regulation of mesh size distribution was controlled by the
molecular weight and concentration of PEGDA monomer in PEG based hydrogel
prepolymer solution. Physical characterization with swelling experiments and release of
protein/peptide showed that these hydrogels with gradients have mesh sizes large enough
for the diffusion of GLP1 (9-37) peptide, and for larger proteins such as BSA. The
diffusion results for BSA and GLP1 (9-37) showed that hydrogels synthesized with this
approach are applicable for controlled delivery of bioactive molecules.

Bovine serum albumin (BSA) is a water soluble monomeric protein with 66.4 kDa
molecular weight consisting of 583 amino acid residues in a single chain. This class is
important for the transfer of insoluble fatty acids in the body through circulatory system.
It also functions in regulation of blood pH. Its multifunctional properties results from its
affinity for many ligands and as a result, it is one of the crucial molecules for transfer and
deposition of a broad range of molecules in therapeutic experiments. Other advantages
are low cost, wide availability, structural and functional similarity to human serum
albumin (HSA).[58-60] Further, diffusion studies were carried out with BSA, a model
widely applied protein for various natural and/or synthetic degradable/nondegradable
scaffolds including proteolytically degradable PEG hydrogel, hyaluronic acid-
poly(ethylene) glycol hydrogels, pegylated PLGA nanoparticles, PVA networks,
poly(orthoester)  extruded thin strands, alginate  hydrogels, PEG-poly(N-
isopropylacrylamide) hydrogels, chitosan nanoparticles, PEO and PEG hydrogels. [61-
70]
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Glucagon-like peptide 1 (GLP1) is an incretin hormone released from L cells in the
intestine after meal ingestion. It acts on insulin biosynthesis, protects B-cells by
decreasing apoptosis and increasing proliferation. It negatively regulates glucagon
secretion. Insulinotropic component is GLP1 (7-37) fragment and when it is secreted,
dipeptidyl peptidase-4 (DPP-4) cleaves first two amino acid residues from the N-terminus
(histidine and alanine) resulting GLP1 (9-37) fragment. This peptide has a random coil
structure and is known as noninsulinotropic and biologically inactive.[71] GLP1 (7-37)
has application for therapeutic studies. For example, Kizilel and her colleagues formed
GLP1 (7-37) biofunctionalized PEG using a layer-by-layer assembly technique for rat
pancreatic islet encapsulation and delivery. They concluded that individually coated islets
showed enhanced insulin secretion and viability compared to naked islets.[72] Also,
Kizilel showed theoretical modeling of GLP in PEG hydrogels formed by surface
initiated photopolymerization. This model provided information about crosslink density,
swelling, thickness of the hydrogel and showed how gradient of covalently immobilized
GLP can be achieved.[19] Although GLP1 (9-37) applied in such studies, diffusivity
properties of the peptide has not been reported..

Encapsulation of NIH 3T3 fibroblasts within RGDS functionalized PEG hydrogel
showed that PEG hydrogels with permeability gradients possess the property of
permeability. The reason for RGDS to be chosen as adhesion peptide for fibroblasts is
that this fibronectin derived tetrapeptide supports and stimulates fibroblasts for various
cellular processes including adhesion, attachment, migration, proliferation and extension.
This functionality is achieved by interactions between RGDS and integrins such as osf3
and oyps located on cell surface. Similar interactions were also found for cells such as

smooth muscle, osteoblast, endothelial and neural cells. [32, 73-75]
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2.1.2.3. General Mechanisms of PEG Hydrogel Formation

PEG based hydrogels can be synthesized by chemical crosslinking, ionic and physical
interactions. In many studies, physically or covalently crosslinked hydrogels are being
studied to obtain hydrogel structures. Depending on the reaction mechanism, chemically
crosslinked PEG hydrogels are classified into three groups: Chain growth, step growth
and mixed mode mechanism. [76] (Figure 2.4)
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Figure 2.4. Networks structures from mechanism of a) chain growth, b) step growth,

¢) mixed mode

In chain growth polymerization (Figure 2.4a), propagation occurs through centers
presenting carbon-carbon double bonds. Completion of reaction leads to formation of
covalently crosslinked high molecular weight polymer chains. During reaction, radical
species are generated by thermal energy, redox reactions or excitation of photoinitiator
with UV (ultraviolet) or visible light. Among these chain growth reactions,
photopolymerization is the most commonly used mechanism applied for hydrogel
formation.[76] The free radical polymerization (photopolymerization) scheme in
covalent crosslinking is divided into three parts:

1. Initiation (formation of radical species from nonradicals)

2. Propagation (radical transfer to a substituted alkene)
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3. Termination by disproportionation and combination (atom transfer and atom
abstraction reactions and radical-radical recombination reactions) [77]

This mechanism can be used at short irradiation times and mild conditions, where
hydrogel structures would form at room or physiological temperatures with little heat
generation. It provides spatial and temporal control and can be used to make hydrogels in
situ with laparascopic devices or catheters with minimal invasiveness. For this
application, subcutaneous injection is followed by transdermal illumination, which leads
to the formation of hydrogel. Disadvantages may arise due to the oxygen acting as a
scavenger and incomplete double bond conversion. These problems are overcome by
triggering reaction under inert gas, adjusting initiator concentration and type or using
accelerators.[78, 79]

In contrast, in step growth polymerization (Figure 2.4b), multifunctional monomers
react to make hydrogel network. In this mechanism, the required monomer functionality
is equal or greater than two.[41] One way for step growth reaction is the Michael type
addition reaction, which was developed by Hubbell and his colleagues. The mechanism
includes reaction between multifunctional PEG (eg. acrylate, maleimide and vinyl
sulfone) and dithiols under physiological temperature and pH.[39] The major drawbacks
of this reaction scheme are possible reaction with the cytosine residues of proteins, long
polymerization time and lack of control in the network structure. Protein interaction
causes reduced bioactivity and denaturation leading to a severe immune response.[41]
Click chemistry is another step growth polymerization technique applied to form PEG
based networks. In this chemistry, azide and alkyne groups of macromers are reacted in
the presence of catalysts. Although this mechanism forms hydrogels with superior
mechanical properties and controlled structure, the major catalysts, copper ions, are

problematic for cell encapsulation.[41]
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In mixed mode gelation, thiol acrylate photopolymerization occurs. The resulting
network structure is represented in Figure 2.4c. It includes properties from chain growth
and step growth reactions. During reaction, growing polymer chains transfer chains to
thiol monomers.[41]

2.1.2.4. Formation of PEG Hydrogels

In this thesis, PEG hydrogels are formed by surface initiated photopolymerization.
This class of photopolymerization is a type of chain growth polymerization and creates
permeability gradients beginning from the prepolymer and underlying surface interface.
Protein release through these hydrogels was studied, and cytocompatibility experiments
were performed with these hydrogels.

Bovine serum albumin is used for the physical adsorption of of photoinitiator, eosin
Y, onto the surface of polystyrene dishes. Eosin Y is chosen as an initiator, since its
spectral properties fits for an argon ion laser. Precursor solution for hydrogel includes
triethanolamine (TEA), 1-vinyl-2-pyrrolidinone (NVP) and PEGDA (Figure 2.5).[6]
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Figure 2.5. Schematic representation of PEG hydrogel formation

When a pre-polymer solution is placed on top of the initiator immobilized surface and
exposed to green light, eosin Y on the surface creates the initial radical in the presence of
electron donor, TEA acting as co-initiator. In this mechanism, TEA transfers electron to
eosin Y. In turn, dye in the triplet state forms an eosin anion radical and a TEA cation
radical. The reaction is followed by immediate proton loss from TEA generating a neutral
TEA. Proton lost from TEA converts eosin anion radical to neutral eosin Y (Figure 2.6).

Alpha-amino radical from TEA is the main radical to initiate photopolymerization.[6]
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Figure 2.6. Initiation reaction mechanism of PEG hydrogel [6]

Radical reaction continues through pendant double bonds (PDB) on PEGDA.
Crosslinking followed by combination causes termination. Live radicals propagate
through PEGDA. A live radical can interact with another live radical or PDB of a dead
monomer. The result is either a branched dead polymer or a new live radical. At the end
of the reaction, the interaction of two live radicals forms a quaternary branch point or
crosslink (Figure 2.7).[19, 80] NVP in the system acts as an accelerator to increase

polymerization rate and to decrease the number of uncrosslinked polymer chains.[79]
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Chapter 3

EXPERIMENTAL PART

3.1. Materials

10 kDa and 20 kDa poly(ethylene glycol) diacrylate (PEGDA) was purchased from,
Laysan Bio, Inc. 1-vinly-2-pyrrolidinone (NVP) and triethanolamine (TEA) were
obtained from Aldrich and Merck, respectively. Sodium bicarbonate (NaHCO3) was
obtained from Merck. Phosphate buffered saline (PBS) was purchased from Amresco.
Eosin Y was purchased from Sigma Aldrich. Acrylate-PEG-N-hydroxysuccinimide
(acrylate-PEG-NHS) was obtained from Nektar Transforming Therapeutics. Arg-Gly-
Asp-Ser (RGDS) and glucagon like peptide 1(9-37) (GLP1 (9-37)) were purchased from
Elim Biopharmacuticals, Inc. Dulbecco’s Modified Eagle Medium (DMEM) and fetal
bovine serum (FBS, heat inactivated) were obtained from Gibco. L-glutamine (200 mM),
penicillin-streptomycin, (stabilized, 10,000 units penicillin and 10 mg streptomycin/mL,
penn-strep) and trypsin-EDTA (25%) were purchased from Sigma. BSA was purchased
from SantaCruz. The CellTiter-Glo Luminescent Cell Viability Assay was obtained from
Promega and slide-a-lyzer dialysis cassettes (MWCO 3500) were purchased from
ThermoScientific. 24 well plates and tissue culture dishes were purchased from Greiner

Bio-one.
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3.2. Methods
3.2.1. Swelling Experiments
3.2.1.1. Synthesis of PEG Hydrogels for Characterization

Prepolymer solutions were prepared with concentrations between 2% and 15% (w/v)
PEGDA (10 or 20 kDa), 225 mM TEA and 37 mM NVP in 10 mM PBS at pH 8. Eight
mm diameter surfaces were functionalized with 1 mg/ml BSA for 30 min at dark at room
temperature. To remove excess unbound BSA, surfaces were washed two times with 10
mM PBS. Following 30 min, surfaces were incubated with 10 mM eosin Y at dark at
room temperature. This process allowed eosin Y to physically attach to the surface. At
the end of eosin Y incubation, surfaces were rinsed with 10 mM PBS once. Prepolymer
solution was placed on top of these surfaces and exposed to argon ion laser (2.5 mW/cm?,
10 min, Coherent Inc., Santa Clara, CA). After photopolymerization, synthesized PEG
hydrogels were placed in 10 mM PBS (pH 7.4) and incubated at 37°C. At specific time
points, wet weights were measured. After reaching equilibrium, hydrogels were freeze
dried and dry weights were measured. These wet and dry weights were used to calculate

mass swelling ratio, molecular weight between crosslinks and mesh size.

3.2.1.2. Calculation of Hydrogel Network Parameters: Swelling ratio, M, and Mesh

Size

After measurement of wet and dry weight, mass swelling ratio, ¢, was calculated with

equation 3.1.

gq= (3.1)
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Here, Ws and Wy represent weight at swollen (wet) and dry states, respectively.[81]

Volumetric swelling ratio, Q, was calculated as:[79]

Vv

Q=V—S=1+&(OI—1) (3.2)
d ps

where, ps and p, are densities of the solvent (water,1 g/cm®) and polymer (PEG, 1.12

glem®), respectively. V; is the volume in the equilibrium swollen state and Vg is the dry

polymer volume.

Molecular weight between crosslinks was calculated with Peppas-Merrill equation
(Equation 3.3) derived from Flory-Rehner equation. This equation is frequently applied

for neutral polymers and assumes the presence of solvent during the polymerization.[81]

v
~ Int=v, )+v, . + yv?2
l 2 [V j( ( 2,5) 2,8 Z 2,s

RV I 3.3
MC Mn VZ,S " VZ,S ( )
Vor -
V2,r 2V2,r

L=— (3.4)

M. and M, are the molecular weight between crosslinks and chain length of the

starting polymer, respectively. V1 is the molar volume of the solvent (water, 18 cm®/g),
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is Flory-Huggins interaction parameter (0.426). o is the specific volume of the polymer
and calculated using equation 3.4. In this equation, py is density of the solvent (water, 1
glcm®) and polymer (PEG, 1.12 g/cm®). v, and v are polymer volume fraction of the
hydrogel in the relaxed (after preparation) and swollen state, respectively.[8, 9, 81, 82]

These volume fractions were calculated with equations 3.5 and 3.6.

Vy
Vor =7 (3.5)

Vo

vy 1

V2 = = —
S VS Q (36)

Vy is the volume of the dry polymer sample, V, is the gel sample volume before
equilibrium swelling and Vs is the gel sample volume after equilibrium swelling.[83]
M. values were used to calculate root mean squared end-to-end distance of the

unperturbed (solvent-free) state and mesh size with Canal-Peppas equations.

M 1/2
(%) =J{2 MC) c’ o)

r

E=(r2)"?v,° (3.8)

where (r,?)"? is the root mean squared end-to-end distance of the unperturbed
(solvent-free) state, | is the bond length (1.50 A ), M, is the molecular weight of PEG
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repeat unit (44 g mol™), C, is the characteristic ratio for PEG (4) and & is mesh size (A).
[8, 84]

3.2.2. Diffusion Experiments
3.2.2.1. Synthesis of PEG Hydrogels for Protein Release

For this study, bovine serum albumin (BSA) and glucagon like peptide 1 (9-37)
(EGTFTSDVSSYLEGQAAKEFIAWLVKGRG) (Table 3.1) were chosen as biological
molecules for release studies. In the following table, diffusivities in water were calculated
with Stokes-Einstein equation (equation 3.9) assuming that diffusion occurs in a dilute
medium and solute molecules having nearly spherical structures are larger than solvent
molecules.[85, 86]

Do =7 (3.9)

In this equation, Dy is diffusivity in water at a given temperature, # is viscosity of
water (6.915x10™ Nm/s?), Rs solute radius, k is Boltzman’s constant (1.38x10% J/K), T is
temperature (310 K).[51]

Table 3.1. Released protein/peptide properties

Diffusivity at
Molecular weight 37°C in water (x10° Hydrodynamic
Protein (Da) cm?/s) radius (nm)
BSA 66,400 0.92 3.56[51]
GLP1(9-37) 3148 2.52 1.3[87]
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PEGDA prepolymer solutions were prepared as in Section 3.2.1.1 with incorporation
of protein/peptide at a final concentration of 1.5-2% (w/v) (Figure 3.1). After
photopolymerization, each hydrogel was placed into 5 ml PBS and incubated at 37°C. At
specified time points, 0.2 ml sample was removed and replaced with fresh PBS. Protein
content of the samples was measured at 280 nm (ThermoScientific Nanodrop 1000

Spectrophotometer).
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Figure 3.1. Scheme of formation of PEG hydrogels for protein release studies

3.2.2.2. Release Profiles of BSA and GLP1 (9-37)

For the analysis of protein content, mass balance was performed (equation 3.10).[9]
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M, =CV+> C.V, (3.10)

where M; is mass released at time i (mg), C; is the concentration of solute at time i
(mg/ml), V is the volume of the solution (5 ml) and Vs is the sample volume.
Calculated M; values were normalized with initial protein mass (M) and release

profiles were obtained.[9]
3.2.2.3. Calculation of Effective Diffusion Coefficients

For effective diffusion coefficients, modified Fick’s law derived by Korsmeyer-

Peppas was used as follows:[9, 88, 89]

M Dt 1/2
i ~ 4 e
M;.¢ |:7752} (3.1

where M; and My is mass released at time i (mg) and initial protein mass (mg),
respectively. D, represents effective diffusion coefficient, t is time (min) and ¢ is the

hydrogel thickness (cm). This equation shows that profile of Mi/Miqs vs. t*2

gives effective
diffusivity in the region of Mi/M;<0.6.

This equation assumes that one dimensional diffusion occurs with negligible side
effects through an insoluble matrix in the infinite medium and is valid for short release
times. The solute concentration within the matrix should be lower than the solubility of
the molecule. It is widely applied in monolithic systems when the release mechanism is

unknown.[62, 89, 90]
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3.2.3. Cytocompatibility of PEG Hydrogels
3.2.3.1. Synthesis of Acrylate-PEG-RGDS

Conjugation was performed by reacting acrylate-PEG-NHS with RGDS in 1:1 molar
ratio in 50 mM NaHCO; buffer (pH 8.2) for 2 h while shaking at 100 rpm at room
temperature at dark (Figure 3.2). The product was dialysed to remove unreacted peptide
and acr-PEG-NHS.[12, 43]

0
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Acrylate-PEG-NHS Acrylate-PEG-RGDS

Figure 3.2. Synthesis scheme for acr-PEG-RGDS.
3.2.3.2. Culture of NIH 3T3 Fibroblasts

NIH 3T3 fibroblasts were maintained in DMEM supplemented with 10% FBS, 2 mM
L-glutamine, 1000 U/ml penicillin and 100 mg/ml streptomycin. They were grown
passages between 4-12. Cells were maintained in a humidified environment at 37°C with
5% CO,.

3.2.3.3. Encapsulation of NIH 3T3 Fibroblasts

Eosin Y attached surfaces were prepared as mentioned above. Prepolymer solutions
were prepared with 5% and 10%(w/v) PEGDA (10 or 20kDa), 225 mM TEA and 37
mM NVP in 10 mM phosphate buffered saline (PBS) at pH 8. Immediately before
photopolymerization, acr-PEG-RGDS (RGDS concentration as 2 mM) and fibroblasts



Chapter 3: Experimental Part 31

(1x10° cells/ml) were added to 50 pl prepolymer solution. Prepolymers on eosin Y
attached surfaces were exposed to argon ion laser at 2.5 mW/cm? for 10 min (Figure 3.3).
Resulting hydrogels were placed into 24 well plates (Greiner Bio-one) and fed with 750
ul cell culture medium used for maintenance of fibroblasts. Medium was refreshed every

other day.
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Figure 3.3. Encapsulation of fibroblast within PEG hydrogels

3.2.3.4. Viability

The CellTiter-Glo Luminescent Cell Viability Assay was performed for day 1 and 3
to measure intracellular ATP content. Briefly, encapsulated cells were incubated in 50%

CellTiter-Glo reagent at 100 rpm for 1h. After incubation, 200 ul from each sample was
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removed and luminescence was measured with a luminometer (Thermo Electron

Cooperation, Fluoroskan Ascent FL).
3.3. Statistical Analysis
All data sets are analyzed using one-way analysis of variance (ANOVA). The results

were represented as the mean value (£SD) of at least triplicate samples. P-values less than

0.05 were considered statistically significant.
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Chapter 4

RESULTS AND DISCUSSION

4.1. Physical Characterization
4.1.1. Effects of Concentration and Molecular Weight of PEGDA on Equilibrium
Mass and Volumetric Swelling Ratios

In tissue engineering applications, one of the main goals is the production of a
semipermeable membrane that prevents of immune rejection while providing
transportation of nutrients, wastes, therapeutic agents, oxygen and carbon dioxide. For
this purpose, it is crucial to determine how much water uptake occurs, since this property
depends on membrane pore size. It also gives information about water content which
should be high enough to support both cell viability and functionality as in ECM and if
achieved, it should be able to mimic gradient structure that can be used to create soft
tissues in vitro. It can also give information about native behavior of cells in healthy or
diseased state. This hydrophilicity is also important to release hydrophilic drugs or
growth factors from PEG based networks for controlled release.[36, 41]

Since water-sorption property is an indicator of hydrophilicity [21], to understand
nanoscopic properties, first step was swelling experiments for determination of water
content. In this study, permeability gradients were produced by surface initiated
photopolymerization under mild, physiological conditions by copolymerization of
PEGDA and NVP in a single step.

For swelling studies, molecular weight of 10 kDa and 20 kDa PEGDA between
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concentrations of 2 and 10% concentration were used to determine the effect of molecular
weight and concentration of PEGDA on equilibrium swelling ratio. For 20 kDa and 10
kDa PEG hydrogels, increasing concentration from 2 to 15% decreased both mass and
volumetric swelling ratio significantly (Figure 4.1 and Table 4.1). The mass swelling
ratio was reduced from ~29 to ~19 and volumetric swelling ratio was ranged from ~32 to
~21 for 20 kDa PEG hydrogel within the PEGDA concentration range of 2-15%. For 10
kDa hydrogels, mass swelling ratios in the equilibrium were ranging from ~32 to ~15 for
2% and 15% PEG. For these conditions, volumetric swelling ratio was ~36 and ~15 for

2% and 15% PEG hydrogels, respectively.
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Figure 4.1. Effect of PEGDA molecular weight and concentration on mass swelling
ratios of PEG hydrogels. The group means of 20 kDa significantly differ from each other,
but no statistically significant difference was observed between 20 kDa, 10% and 15%.
Similarly, the group means of 10 kDa significantly differ from each other, but no
statistically significant difference was observed between 10 kDa, 10% and 15%.
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Table 4.1. Properties of PEG hydrogels synthesized in this study.

. Crosslinkable
Ma(g/mol) | YPEGDA [ Volumetric |0 e honds
(wWiv) swelling ratio, Q (mol/)
10 000 2 36.21+£2.60 0.004
10 000 ) 24.28+1.74 0.01
10 000 10 18.06+0.37 0.02
10 000 15 15.15+1.34 0.03
20 000 2 32.07£1.20 0.002
20 000 5 26.55+0.66 0.005
20 000 10 22.72+1.24 0.01
20 000 15 20.69+1.47 0.02

The results showed that at constant molecular weight, decrease in concentration is
inversely related to mass and volumetric swelling ratio whereas at constant concentration,
mass and volumetric swelling ratios were proportional to molecular weight. This is
because, increase in concentration or decrease in molecular weight forms denser networks
with higher crosslink density. The tighter network will have more chain entanglements
and such network limitations prevent swelling.[51, 67] In a similar study, Cruise et al.
used PEG hydrogels applying the similar technique used in this study, observed the
similar trends for swelling ratio for PEGDA molecular weights ranging from 2 to 20
kDa with PEGDA concentration of 10, 20 and 30%.[8] When compared with our results,
our system formed looser networks with higher water content due to lower number of
eosin Y molecules attached to the surface. For hydrolytically degradable PEG hydrogels,
Zustiak et al. showed that at constant concentration mass welling ratio decreased with
higher concentration of PEG.[91] In other hydrogel systems including PVA and
polyacrylamide, increasing concentration reduced water content due to increased
concentration of number of crosslinks provided by higher concentration of polymer in the
network structure.[69, 92-94]
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The resulting differences caused by molecular weight and concentration can be
explained by changes in network structure and crosslinkable double bonds. In our case,
increasing concentration or decreasing molecular weight of PEGDA increases the number
of PEG molecules and crosslinkable double bonds. This leads to formation of higher
numbers of free radicals resulting in higher crosslink density (Table 4.1). Also, network
defects such as chain entanglements resulting from radicalic process lowers swelling ratio
and prevents swelling due to formation of tighter networks with less intrachain
crosslinking.[36, 67]

412. M. Values for PEG Hydrogels Formed by Surface Initiated
Photopolymerization

Number average molecular weight between crosslinks is one of the critical network
parameters used to describe hydrogel structure and to calculate mesh size which

represents molecular weight cut off for the membrane (Figure 4.2).

size (A)

Figure 4.2. Network structure of PEG hydrogel
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For this purpose, next step in this study was to determine M. by using Peppas-Merrill

equation along with the experimental swelling measurements.
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Figure 4.3. M, for PEG hydrogels. The group means of 20 kDa significantly differ from
each other, but no statistically significant difference was observed between 20 kDa, 2%
and 5% as well as in between 10% and 15%. Similarly, the group means of 10 kDa
significantly differ from each other, but no statistically significant difference was
observed between 10 kDa, 10% and 15%.

As represented in Figure 4.3, M. values were between ~9360 and ~8352 g/mol within
the concentration range of 2% and 15% PEGDA for PEG hydrogels formed with 20 kDa
molecular weight. Similarly, for PEG hydrogels formed with 10 kDa molecular weight,
this parameter ranged between ~4849 and 4422 g/mol within the same concentration
interval. Molecular weight between crosslinks was observed to be nearly independent of
concentration for PEG chain, however it was influenced by molecular weight: Decrease
of PEGDA molecular weight from 20 kDa to 10 kDa reduced M. to the half of 20 kDa.
Since at constant concentration, increasing molecular weight will cause incorporation of

less number of PEG units, the network structure will be loose and as expected, the
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molecular weight between such links will be larger in higher molecular weights due to
longer chain length. At constant specific concentration, relation between molecular
weight (ranging from 3.4 to 20 kDa) and M. showed similar behavior as proved by Lin
and colleagues.[49] At constant concentration or molecular weight, Cruise et al. also
observed significant changes in M, increasing molecular weight or decreasing
concentration significantly increased M. [8] These increases/decreases are reasonable, as
increase in water content or PEGDA chain length lowers crosslink density resulting in
higher M. [70, 95] Also, number average molecular weight between crosslinks should
not be less than molecular weight of PEGDA, but in all cases, it was observed that these
values were reduced. The probable causes are network defects such as chain
entanglements as physical links arising from crosslinking.[96] Moreover, since at
constant concentration, increasing molecular weight will cause incorporation of less
number of PEG units, the network structure will be loose and as expected, the molecular
weight between such links will be larger in higher molecular weights due to longer chain
length. Similarly, at a specific molecular weight, decreasing concentration will show
incorporation of less number of PEGDA molecules. This will form less number of free
radicals and resulting hydrogels will be looser. Also, Burczak et al. observed such a trend
for M. in PVA hydrogels formed via photopolymerization and chemical crosslinking at
constant concentration for swelling ratio and mesh size. Increased number of crosslinks
due to higher monomer concentrations was also resulted in reduced values for M. for
other hydrogels formed with monomers other than PEGDA.[8, 92]

4.1.3. Effect of Molecular Weight and Concentration of PEGDA on Mesh Size

Mesh size is one of the key parameters used for determination of physical properties

of hydrogels. Chemical structure of monomers, crosslinking density, external stimulus
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including pH and temperature affect mesh size. It is a critical parameter for diffusion of
molecules, since if solute has same size with mesh size, it will not be able to diffuse out
theoretically. This parameter is also used to determine other physical properties such as
diffusivity of releasing molecules, degradability and mechanical strength.[21, 92] For
this purpose, next step in this study was to calculate mesh size from Canal-Peppas
equations in section 3.2.1.2.

The mesh sizes were between 190 and 156 A for 20 kDa PEG hydrogels within the
concentration range of 2-15% whereas 10 kDa PEG hydrogels showed mesh size

distribution between 143 and 105 A in the same range (Figure 4.4).
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Figure 4.4. Mesh (pore) size (A) distribution for PEG hydrogels. The group means of 20
kDa significantly differ from each other, but no statistically significant difference was
observed between 20 kDa, 10% and 15%. Similarly, the group means of 10 kDa
significantly differ from each other, but no statistically significant difference was
observed between 10kDa, 10% and 15%.
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Mesh size results showed similar trends with swelling ratio and M. The mesh size
was inversely affected by concentration and increases at higher PEGDA molecular
weight. Increases in PEGDA chain length and decreases in concentration induce increases
in water content and reduce crosslink density.[95] As expected, hydrogels formed with
higher molecular weight PEGDA monomers showed larger mesh size at constant
concentration. Further, increases in concentration of PEGDA lead to decreases in mesh
size. This is because, due to reduced crosslink density at higher M. and swelling ratio,
looser network structures will be observed and the resulting pores will be larger. This

allows more water molecules transport and increases water content.[36, 92]

4.2. Diffusion Experiments
4.2.1. Release Profiles for BSA and GLP1 (9-37)

For drug/protein delivery applications, the requirement for prolonged site specific
delivery is clear. To satisfy such demands, hydrogels are one of the ideal candidates to
protect bioactive molecules from degradation. Further, drug/protein delivery and release
experiments can give information about perm-selectivity of membrane which is vital for
cell and cell-based drug delivery studies. Since it is highly documented that diffusivity in
hydrogel depends on both network and solute properties, this regulation can be achieved
with control of permeability for bioactive molecule delivery.[28, 51, 67]

In this study, the next step was to understand the diffusion of BSA and GLP1 (9-37)
from hydrogels having permeability gradients for determination of release behavior of
solutes. Based on molecular weight and concentration, fractional release as a function of
time (min) is represented in Figure 4.5a and b for BSA. All cases showed biphasic
release: Burst release and slowing phase. As expected, higher molecular weight and lower

concentration increased yielded higher release fraction. After 1920 min, hydrogels
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formed with 20 kDa PEGDA molecular weight and 5% PEGDA concentration released
100% of BSA, whereas 84% of BSA was released from hydrogels formed with 20 kDa
PEGDA molecular weight and 10% PEGDA concentration (Figure 4.5). These released
fractions decreased to 73% and 67% for hydrogels formed with 10 kDa PEGDA
molecular weight, 5% and 10% PEGDA concentrations, respectively (Figure 4.5). This is
due to incomplete release resulting from reduction in mesh size and swelling ratio. Such
incomplete releases were also observed in bulk PEG hydrogels, PLGA microsphere and
poly(N-isopropylacrylamide) hydrogel systems due to entrapment in the network as in
our case.[30, 97, 98] Also, as this hydrogel system has porosity gradient, high PEGDA
content at lower molecular weight could reduce the number of the pores available for a
molecule with hydrodynamic radius of ~3.56 nm (Table 3.1).
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Figure 4.5. Fractional release of BSA from: a) and c¢) 20 kDa and 10 kDa, 5% PEG
hydrogels, b) and d) 20 kDa and 10 kDa, 10% PEG hydrogels. Profiles in (c) and (d)
represent the region where effective diffusivity calculations were carried out for
hydrogels formed with 5 and 10% PEGDA concentration.

Although GLP1 (9-37) is a relatively small molecule with hydrodynamic radius of
around ~1.3 nm compared to BSA (Table 3.1), the release profiles for GLP1 were similar
to BSA. Burst release and nearly steady state regions were observed as in Figure 4.6a and
4.6b. Complete peptide release was observed at 180 min and 300 min through hydrogels
formed with 20 kDa PEGDA molecular weight, 5% and 10% PEGDA concentrations,
respectively. Decreasing PEGDA molecular weight from 20 kDa to 10 kDa retarded
protein diffusion and complete release was observed after 300 and 660 min through
hydrogels formed with 10 kDa PEGDA molecular weight, 5% and 10% PEGDA
concentrations, respectively. In contrast to the releases observed for BSA, whole GLP-1
loaded was released from hydrogels depending on the network properties. For all
conditions studied, 60 % of the GLP-1 peptide was released within less than 2 h (Figure
4.6). Although the results showed that the mesh size for all conditions were large enough
for GLP-1 to pass through, the diffusion rate of this small molecule was still hindered

similar to the condition observed for BSA.
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Figure 4.6. Fractional release of GLP1 (9-37) from: a) and c) 20 kDa and 10 kDa, 5%
PEG hydrogels, b) and d) 20 kDa and 10 kDa, 10% PEG hydrogels. c) and d) represent
the region where effective diffusivity calculation was carried out.

The results for both BSA and GLP1 (9-37) demonstrated that decrease in protein size
and increase in molecular weight and concentration of crosslinker (in this case, PEGDA)
enhanced release rate. Increasing molecular weight or decreasing concentration of
PEGDA upregulates distance between crosslink junctions and results in higher swelling

ratios (higher water content), in turn, these lead to larger pores and facilitates protein
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diffusion. Smaller molecules diffused faster compared to larger ones, as larger ones
needed more drag and larger pores to diffuse out.[9, 67]

4.2.2. Effective Diffusivities of BSA and GLP1 (9-37) Released from PEG Hydrogels

Diffusion coefficient is an important parameter which gives information about how
fast a molecule can travel through a medium. In this study, BSA and GLP (9-37) were
chosen to study release behaviour through PEG hydrogels, as this would be important for
microencapsulated islets within PEG hydrogels studies. Such release profiles have been
utilized to calculate effective diffusivities within the region Mi/M;<0.6 (Figure 4.5c,
4.5d, 4.6¢ and 4.6d) with modified Fick’s law (Equation 3.10).

As expected, the slope of diffusion through hydrogels formed with 20 kDa PEGDA
molecular weight and 5% PEGDA concentration was higher compared to the diffusion
observed in hydrogels synthesized with other conditions, which is due to the presence of
looser network structure, resulting in higher release late. For other conditions studied, at
constant molecular weight or concentration increasing molecular weight or decreasing
concentration yielded higher release rates (Figure 4.5¢c, 4.5d, 4.6¢ and 4.6d). Sixty percent
of BSA was released from hydrogels synthesized with 20 kDa PEGDA molecular weight,
5% and 10% PEGDA concentrations at the end of 120 min. In contrast, increasing
concentration or decreasing molecular weight resulted in prolonged diffusion rate. When
hydrogels were formed with 10 kDa PEGDA and 5% and 10% PEGDA concentrations in
the prepolymer, 60% of BSA was released into the medium within 240 and 360 min,
respectively. For the case of GLP1 (9-37), the release of 60% was achieved at the end of
60 min for hydrogels formed with 20 kDa PEGDA molecular weight and 5% PEGDA
concentration. Increasing concentration of PEGDA from 5% to 10% lead to 60% of total

protein release within 90 min. When PEGDA molecular weight was reduced to 10 kDa,
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and 5% and 10%, of PEGDA concentrations were used, the duration for 60% GLP-1
releases were measured as 60 min and 120 min, respectively. It should be noted that 60%
of the solute was diffused out faster for GLP1 (9-37) compared to BSA from all PEG
hydrogels studied.

Eftective diffusivities for BSA calculated from Fick’s law were ranging from 10" to
10°® cm?/s. Effective diffusivities were higher in 20 kDa PEG hydrogels than 10 kDa PEG
hydrogels (Figure 4.7a). Diffusivity was calculated as 2.59X10” cm?s for the case of
hydrogels formed with 20 kDa PEGDA molecular weight, and 5% PEGDA
concentration. When the concentration of PEGDA was doubled and PEGDA molecular
weight was kept constant, diffusivity was reduced to 60% of the value obtained at lower
PEGDA concentration. For lower PEGDA molecular weight of 10 kDa, 5% PEGDA
concentration in the prepolymer resulted in the diffusivity value of 9.93X10® cm?/s for
BSA. This was lowered to 7.3X10® cm?%s for the diffusion of BSA through hydrogels
formed with 10 kDa PEGDA molecular weight and 10% PEGDA concentration in the
prepolymer.

In Figure 4.8a, the effects of molecular weight and concentration of PEGDA on
diffusion of BSA is demonstrated in comparison with the diffusivity in water at 37°C.
The results for BSA showed that the effective diffusivity was reduced to ~28% and ~17%
of water for the diffusion through hydrogels synthesized with 20 kDa PEGDA, 5% and
10% PEGDA concentrations, respectively. These cases were lowered down to ~11% and
~7.9% of water for the diffusion through hydrogels synthesized with10 kDa PEGDA, 5%
and 10% PEGDA concentrations, respectively.
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Figure 4.7. Effect of PEGDA molecular weight and concentration on diffusion
coefficients of: a) BSA, b) GLP1 (9-37). Asterisk (*) indicates statistical significance.

As can be observed in Figure 4.7b, the effective diffusivity for GLP1 (9-37) was on
the order of 107 cm?s for the diffusion through all hydrogels studied here. Similar to the
results obtained for BSA release, hydrogels formed with 20 kDa PEGDA monomer
resulted in higher effective diffusivities compared to the diffusivities obtained through
hydrogels formed with10 kDa PEGDA monomer. Diffusivity of GLP1 (9-37) from 20
kDa, 5% PEG hydrogels was 8.9X10” cm?/s. For 20 kDa 10% PEG hydrogels, effective
diffusivity was 5.6X107 cm?/s. When molecular weight of PEGDA in the prepolymer
was reduced from 20 kDa to 10 kDa, the diffusivities through hydrogels were 5.1X107
cm?/s and 4.0 cm?/s for the case of 5% and 10% PEGDA monomer concentration,
respectively.

Figure 4.8b illustrates that GLP1 (9-37) diffusion reduced to one order of magnitude
compared to the values measured at diffusivity in water at 37°C. The release occurred at a
diffusivity of ~35% of the value measured in water when hydrogels were formed with 20
kDa PEGDA and 5% PEGDA concentration. At constant PEGDA molecular weight,

increasing the concentration of PEGDA from 5% to 10% resulted in lower diffusivities,
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where ~22% of the water diffusivity was obtained. When hydrogels were synthesized
with lower PEGDA molecular weight of 10 kDa, increasing the concentration of PEGDA
from 5% to 10% decreased the effective diffusivity from ~20% to ~16% to that of the

value measured in water.
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Figure 4.8. Normalized diffusion coefficients for: a) BSA, b) GLP1(9-37). Asterisk
(*) indicates statistical significance.

As expected, the results showed that solute size has a significant effect on solute
diffusion [67]: GLP1 (9-37) released faster than BSA. Further, it was showed that the
network parameters such as crosslink density, M, swelling and pore size affect the
diffusivity of the solute. Increases in M. resulted in higher swelling and mesh size and
such increases facilitated protein diffusion with higher diffusivity.[67] In contrast,
crosslink density created negative effect on diffusion showing that increasing
concentration or decreasing molecular weight reduced diffusivity.

Effective diffusivities calculated from equation 14, were shown to be PEGDA
concentration and molecular weight dependent (Figure 4.6 and 4.7). Since higher PEG

content at lower concentration has smaller pore size, it restricted the release of solute and
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reduced effective diffusivity. The obstructions in the network composition can also
interfere with solute diffusion. Slowly moving chains hinder diffusion by increasing the
length of the path to move through. As observed, solute size had significant effect on
diffusion. BSA diffusivity values were reduced more compared to the decreases observed
for GLP1 (9-37) as a result of higher monomer concentration or lower monomer chain
length. This is because, the network chains cause more drag force on higher sized solute
due to increased hydrodynamic friction.[9, 36, 67, 70]

All results confirm that BSA and GLP1 (9-37) can be released in a controlled manner
through PEG hydrogels studied here. In order to extend the duration of protein release
monomer concentration or chain length could be tuned independently.

4.3. Viability of Fibroblasts Encapsulated within RGDS

Functionalized/Nonfunctionalized PEG Hydrogels

For a biomaterial to be applicable in biomedical applications, it is well known that
these materials should also be nontoxic and cytocompatible. In addition to
semipermeability, biocompatibility is another factor to support cell viability in long terms
for development of bioarficial organ.[92] For this reason, fibroblasts were encapsulated
within naked and RGDS functionalized PEG hydrogels and viability was measured at day
1 and day 3. As demonstrated in Figure 4.9, the proposed system can support cell
survival when RGDS incorporated. As expected, naked hydrogels could not support cells
and this property caused significant decrease in cell viability as was measured by viability
assay.

As illustrated in Figure 4.9, on day 3, fibroblast viability was increased by a factor of
1.31 compared to the viability observed at day 1 when PEG monomer conjugate

including RGDS was added into the prepolymer. Similarly, there was 56% increase in
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the viability of cells when PEGDA monomer concentration was doubled and PEGDA
molecular weight was kept constant at 20 kDa. When lower PEGDA molecular weight
was used (10 kDa) at 5% and 10% PEGDA concentrations were used, RGDS modified
hydrogels increased viability 55% and 51% when compared to day 1. In contrast, all
hydrogels formed without acr-PEG-RGDS conjugate could not support cell survival and
significant reductions in viable cell number were observed. On day 3, 56% and 35% of
fibroblasts were viable within 20 kDa, 5% and 10% PEG hydrogels, respectively. During
the same incubation period, viable cell number decreased to 45% and 63% of day 1 in 10
kDa, 5% and 10% PEG hydrogels.
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Figure 4.9. Viability of fibroblasts in PEG hydrogels represented as normalized ATP
luminescence (day 3/dayl). The group means of 20 kDa significantly differ from each
other. Similarly, the group means of 10 kDa significantly differ from each other.

The covalent incorporation of RGDS resulted in promising cell viabilities when
fibroblasts were encapsulated within these PEG hydrogel scaffolds, as hydrogels without

this peptide were unable to support cell viability due to resistance of PEG to cell adhesion



Chapter 4: Results and Discussion 50

(Figure 4.9).[7, 40] It is well established in the literature that RGDS promotes cell
adhesion, which contributed to cell viability significantly. The results also showed that
viability were nearly unaffected by network parameters. This demonstrates that PEG
hydrogels generated in this study had large pores to allow diffusion of nutrients and other
molecules and formation of free radicals during photopolymerization did not have
negative effect on cell viability. Similar results were reported by Bott et al. showing that
FXIII crosslinked PEG hydrogels can support human dermal fibroblast survival with
incorporation of RGD.[15] In another study, Liao et al. indicated that increase in
concentration or decrease in molecular weight enhanced proliferation rate of vocal fold
fibroblasts in PEG hydrogels.[50] These nondegradable PEG hydrogels constructs can
also support proliferation and survival of other cell types such as chondrocytes as was
reported by Lin and her colleagues, where increasing molecular weight enhanced cell

viability and survival of chondrocytes.[49]
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Chapter 5

CONCLUSIONS

In tissue engineering and drug delivery, permeability gradients of surrounding membrane
have profound effect on viability and functionality of cells/bioactive molecules. For this
purpose, in this study, PEG hydrogels were generated via surface initiated
photopolymerization with permeability gradients. Characterization was carried out with
swelling and protein release experiments to determine the effect of permeability. The
results confirmed that hydrogel mesh size can be regulated with molecular weight and
concentration of backbone material and this type of hydrogels is applicable to controlled
release of bioactive molecules. By using such hydrogels, permeability gradients can be
formed in a single step efficiently. Controlled release of hormones and drug can be
achieved and local delivery without side effects of bolus injection can come into reality.
Further, encapsulation of NIH 3T3 fibroblasts proved that RGDS functionalized PEG
hydrogels with permeability gradients are suitable tools for cell based studies. By
gradient based distribution of proteins, synthetic biomaterials that mimic natural tissues
can be created in vitro and detailed insight about cell-cell and cell-biomaterial
interactions can be obtained with PEG hydrogels formed by surface initiated

photopolymerization.
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APPENDIX
1. Permeability

Permeability is a property that is defined as the capability of a fluid or molecule to
pass through (mass transfer) a porous matrix depending on matrix properties.[99] Mass
transfer of a molecule depends on mass flux which is a function of concentration gradient
and diffusivity.[86]

For porous medium, permeability can be calculated with Darcy’s law:[86]

p =K AP Equation A.1
1AL (Equation A.1)
where V' is the superficial velocity (cm/s), k is permeability (cm? cp/s.atm), u is the

viscosity (cp), 4p is pressure drop (atm) and 4L is length (cm).[86]

2. Derivation of Modified Fick’s Law
2.1. Derivation of Fick’s law (for 1D diffusion)

Transport of a property by molecular movement depends on a driving force to

overcome a process and can be expressed as:[86]

__driving force .
rate of a transfer process = ————— (Equation A.2)

The diffusion of a property can be expressed as in equation A.3 for steady state.

o
Yy=-0 ™ (Equation A.3)
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Here, ¥ is the flux of a property (amount of the property transferred per unit cross
sectional area per time perpendicular to the x direction). 77 is the concentration of the
property and ¢ is the proportionality constant known as diffusivity. [86]

For an unsteady state process, a general property balance is required for entire system
as represented in equation A.4 and figure 1.

[ rate of ] + [rate ofgeneration] _ [ rate of ] [rate of accumulation

property in of property property out of property (EquationA.4)

in= W ax é éOUt =W yax+ax

%X k7

Figure 1. Unsteady state mass balance.
or _
(W x ) - AYAZ + R(AX - AYAZ) = (W yiy a0 ) - AYAZ +E(AX -AyAz) (Equation A.5)

Dividing by AxAyAz and letting Az go to zero,

R= oF, +8_F (Equation A.6)
x ot g |
Substituting equation A.3 into equation A.6 results in:
or _.o°r
R= . 6 v (Equation A.7)
If there is no generation present in the system,
or .oT (Equation A.8)

ot ox2
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Equation A.8 relates between the concentration of the property (/') to the distance x and
time t. [86]
For mass diffusivity, equation A.3 is expressed as follows,

J, = —DE (Equation A.9)

dx

This equation is known as Fick’s law of diffusion for molecular transport. Here, Jx is the
flux in kg mol/s.m?, D is the diffusion coefficient in m?%s and c is the concentration in kg
mol/m?. It assumes that mass diffusivity is independent from concentration. [86]
Equation A.8 is represented as Fick’s second law of diffusion for unsteady state as shown

below: [86]

—=D— (Equation A.10)

2. Derivation of Modified Fick’s Law (Korsmeyer-Peppas)

Assuming that release experiments are carried out under perfect sink conditions,
boundary conditions (Equations A.11 and A.12) shown below can be applied to solve
Fick’s second law of diffusion (Equation A.10). [62, 88]

t=0 —§<x<g c=c (Equation A.11)

t>0 x=+% c=0c (Equation A.12)

N | S

Here, cg is the initial concentration; c; is the external concentration at the interface and

can be taken as zero.
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The exact solution of equation A.10 under boundary conditions gives the following
result:[100]

Mi Dt vz /2 = n: noé E ti A.13
=4 = | {7 +2) (-] "ierfc } (Equation A.13)
n-1 24/ Dt
In equation A.13, M; and My are the masses released at time i and infinity. D is the
diffusion coefficient (effective), ¢ is the hydrogel thickness and t is time. [62, 88]

For the short release times in the region of Mi/M;n<0.6, the right term inside the brackets

vanishes and following equation is obtained.[62, 88]

M Dt 1/2
M—' = 4( 5 j (Equation A.14)
Tl

inf
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