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ABSTRACT

The insufficient supply of donor corneal tissue motivates the engineering of artificial
corneas with a high degree of biointegration and significant rates of success. However,
currently available artificial corneas suffer from problems, including epithelial
downgrowth, infection and stromal melting. Most of the major problems, which
eventually lead to rejection, could be greatly reduced or eliminated through the improved
formation and maintenance of a healthy epithelium over the implant. We hypothesize
that this epithelial formation may be enhanced through the incorporation of biomimetic
chemical and physical cues found on the native basement membrane of the cornea onto
the surface of the keratoprosthesis.

Hydrogels synthesized from poly (ethylene glycol) diacrylate (PEGDA) were
investigated as a platform to simultaneously present human corneal epithelial cells
(HCECS) in vitro with topography and adhesion peptides to mimic the native physical
and chemical attributes of the basement membrane underlying the epithelium in vivo.
PEGDA hydrogels prevented non-specific HCEC adhesion and were functionalized with
the integrin-binding peptide Arg-Gly-Asp (RGD). Hydrogels molded with ridge and
groove features with lateral dimensions from 200 nm to 2000 nm and 300 nm depth
retained the topography after equilibrium swelling. The alignment of HCECs cultured on
topographic surfaces functionalized with RGD showed substantially less dependence on
the culture media than substrates promoting non-specific attachment. This demonstrates

that the moldable RGD-functionalized hydrogels allow for decoupling of the cues from



i
surface chemistry, soluble factors, and topography that simultaneously impact HCEC
behavior.

We also investigated the use of these non-fouling substrates in wound healing
experiments, where we found that the rate of corneal epithelial wound healing was
significantly increased by 50% in hydrogel surfaces containing topographic features,
compared to flat surfaces with the same chemical characteristics. This increased healing
is mainly due to the increased migration of the epithelial cells on the edge of the wound.
These results show the potential benefit of restructuring and improving the surface of
artificial corneas to enhance the coverage of the keratoprosthesis by epithelial cells and

induce the formation of a functional epithelium.
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CHAPTER 1: INTRODUCTION

1.1 Statement of the problem

The cornea is the transparent tissue situated at the front of the eye with high
transmittance of visible radiation. It is an avascular and highly innervated tissue’,
essential for the production of images at the retina, the absorption of UV rays and the
protection of the eye from the environment’. However, corneal functions are
compromised with certain pathologies and injuries to the eye, such as erosion, chemical
burns, herpetic infections, autoimmune diseases, or stromal ulcerations®, making corneal
disorders one of the leading causes of blindness worldwide®. The traditional therapy to
treat these conditions is to perform transplantations of human donor corneal grafts. These
allografts have a high rate of tissue tolerance and visual performance; but for certain
ailments, such as the presence of scarring, alkali burns, high vascularization or severe dry
eye, the success rate of corneal transplants drops dramatically. Furthermore, since the
demand of corneas exceeds the amount of corneal donors®, and the risk of rejection and
transmission of diseases (HIV, hepatitis) related with organ donation is always present,
the design and use of high-performance keratoprostheses or artificial corneas is essential
for improved patient outcome®”.

The materials used in keratoprostheses have evolved from glass and hard polymers, to

hydrogels able to incorporate biological or organic materials™®?®.

However,
keratoprosthesis in current use suffer from problems related to the biointegration of the

device, such as extrusion, infection, epithelial downgrowth and the formation of
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retroprostethic membranes®. Several attempts to solve these problems have included the
use of porous skirts that allow the infiltration of fibroblasts, and the use of softer
materials, to reduce the mechanical stresses that can lead to perforation®®®. Another
approach to reduce the formation of membranes and epithelial downgrowth include the
use of materials that inhibit the adsorption of proteins'®. However, to completely address
those problems, maintain a normal pre-corneal tear film, ensure a good optical surface
and provide a barrier against infection, it has been suggested that an ideal
keratoprosthesis must promote the growth, stratification and maintenance of a healthy

epithelial layer over the device®®!'.

1.2 Corneal structure

Currently used keratoprostheses address the biointegration of the device to the donor
exclusively through the stromal component of the cornea. However, the cornea is a
complex and structured tissue, approximately 0.5-0.6 mm in thickness, which contains
three important layers>>*? (Figure 1.1): 1) Epithelium, which accounts for 10% of the
total thickness. This tissue is characterized as a nonkeratinizing stratified squamous
epithelium containing corneal epithelial cells (CECs) which provide the self renewal
properties of the tissue. The corneal basal cells adhere to the underlying basement
membrane (BM), an acellular layer made mostly of collagen, which possesses a rich

topography (Figure 1.2)%***.

The corneal BM is a specialized extracellular matrix
(ECM), with components produced by epithelial cells and stromal keratocytes’. 2)

Stroma, which represents about 90% of the total thickness. It is composed of quiescent
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keratocytes and collagen fibers with a parallel orientation, forming lamellae. The fibers
in each lamella have a uniform diameter and are perpendicular to the adjacent lamella,
giving the cornea its transparency. 3) Endothelium, a single layer of non-proliferating
cells adhered to the Descemet’s membrane. It regulates the normal hydration of the

stroma by exchanging fluids from the stroma to the anterior chamber.

1.3 The corneal epithelium and its basement membrane

The corneal epithelium is a highly specialized tissue made of 5-7 layers of regularly
arranged differentiating epithelial cells'®. It provides a smooth refractive surface for the
passage of light and forms a barrier that prevents hydration of the stroma and penetration
of pathogens™. The corneal epithelium is in constant restoration, completely renewing
every 7 to 10 days'’. This renewal rate is supported by the stem cells in the limbus (the
transitional zone between the cornea and the conjunctiva), that undergo cell division and
migrate towards the central part of the cornea, differentiating into basal epithelial cells.
Epithelial cells in the basal layer are transient amplifying cells and experience a few cell
divisions before migrating to the suprabasal layers, where they terminally-

151819 " expressing keratin 12%°, and a6p4 integrin, which participates in the

differentiate
formation of desmosomes and hemidesmosomes?'. The cells migrate into the wing
layers, and then into the superficial layers, where cells flatten and form tight junctions.
These superficial cells present microvilli on their anterior surface to facilitate the
transport of metabolites and reinforce the retention of tear film. The cells are eventually

shed, continuing the renewal cycle™'®*°,
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The basal cells are tightly adhered to the underlying BM, a laminar structure with a
thickness of 50 nm, composed mainly of collagen IV, laminin, heparin, and
proteoglycans'®. The BM has an anterior structure (lamina lucida) that provides
hemidesmosomal attachments, and a posterior portion (lamina densa) which is anchored
to the Bowman’s membrane’®. In addition to its structural roles in supporting attached
cells, the BM serves as a reservoir for cytoactive compounds such as growth factors. The
BM has been shown to affect cell shape, migration, differentiation and proliferation

trough cell substrate RGD-integrin interactions®*%.

1.4 Corneal epithelial wound healing

To understand the necessary parameters for the epithelialization of a corneal
prosthetic, knowledge of the epithelial wound healing process is essential. Epithelial
wound healing occurs in four steps: 1) lag phase, where cells reorganize their attachments
to adjacent cells and BM; 2) migration phase, where the leading edge of wound becomes
thin and the epithelial sheet migrates toward the center of the defect at a speed of 20-50
um/h; 3) Differentiation phase, where epithelial cells proliferate and stratify to reestablish
normal thickness, and 4) Maintenance phase, where BM components are synthesized,
assembled and remodeled”. These steps are promoted by the flow of ions from
surrounding tissue®, growth factors (GF), cytokines and ECM proteins™?. Wound healing
is complete when the epithelium is firmly anchored to the BM, thus wound healing is
dependent on the adhesion mediators of cells, or integrins'®. Once healed, the renewal of

the epithelium depends on the synchronization of the proliferation and differentiation of
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the transiently amplifying cells®®. Since the corneal BM is the microenvironment
providing cues to the epithelial cells, in order to have a healthy epithelium, it is
fundamental to have a surface that supports cell adhesion, is permeable to nutrients and

metabolites, and presents other chemical and topographical cues’.

1.5 Influence of ECM on cell behavior

The behavior of cells and tissues in an organism is highly dependent on the numerous
chemical and mechanical cues presented by the substrate and surrounding cells. Within
an organism, most cells are in contact with the ECM, a flexible, protein-base material
composed mainly of collagen, elastin, hyaluronic acid, proteoglycans, fibronectin (FN)
and laminin (LN)?’. Far from being a mere inert scaffold, the ECM is a dynamic entity

that is continuously produced, degraded and reshaped by cells. Its components have been

28,29 30-32 33,34 |35,36
1

shown to influence adhesion“*, migration®°, proliferation®>>", morphology of cel

37,38 40,41 42,43

cytoskeletal arrangement®®, stratification®®, gene expression®®*!, cell differentiation
and apoptosis**.

The ECM can be present as an interstitial matrix in connective tissue or as a
specialized form such as the basement membrane (BM) in epithelial and endothelial
tissues®™. It has been shown for many cell-types that the ECM influences cell behavior at
three different levels*:

1. Biochemically. Cells can interact with elements of the ECM trough
28,30,33,35,47.

specific bonds

2. Mechanically. Cells can sense the stiffness of the matrix and the forces



applied to it and respond by modifying the cytoskeletal elements®’ #4248,

3. Topographically. The ECM has a complex 3-D topography in the micro

and nanoscale which is known to affect cell behavior?®31:32:3436.38,39,41,43,34,46,49-70

1.6 Regulation of cell behavior by topographic cues

Topographical cues are among the most important signals received by the cells from
the ECM. During the past 15 years, the influence of topography on cell behavior has
been intensively investigated. There have been studies on many types of features, such as

46,50 and

pits, steps, waves, nodes, pores or general roughness*. Although shape
regularity®* of the topography appear to produce different responses, most of the work on
topographic cues has been done on grooves/ridges anisotropic arrays due to the higher
control over its geometry, and the simplicity in the definition of measurable endpoints
(Figure 1.3).

Some observed behaviors in studies about the response of cells to the ECM are:

a) Elongation and alignment.

The most obvious behavior observed in cells cultured on micro and
nanotopographies is the elongation and alignment of cells to anisotropic features,

a phenomena called “contact guidance” (Figure 1.4), which has been studied

29,36,38,55,56,66-68 43,65,70-72

extensively in our laboratories and others . Most cell-types
align to grooves, but there is no alignment in some cells-types, including
macrophages or neurophils®. Alignment has been proven to also depend on the

depth of the features. For example, epithelial cells do not align on features less
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than 300 nm deep®. Within aligned cells the spatial organization of the
microtubules and microfilaments of cells cultured on patterned surfaces also align
with the features®. The upper limit where CECs can distinguish the underlying
topography (contact acuity) is close to 4 um®, and the lower limit is in the range
of 60-100 nm**">"3, It has been demonstrated that elongation and alignment of
cells is constant for variable widths®”, but the major promoter of alignment is the

depth of the features®®®""

. In general, for our cell-type of interest, human CECs
(HCECsS), the smaller the features, the more elongated the cells along the axis of
the features become®. Some recent studies showed that on substrates presenting
non-specific interactions with the cells, the orientation of HCECs to the smaller
sizes of patterns varied from parallel to perpendicular when cultured on serum-
free media®. However, this behavior disappeared on studies conducted on
substrates allowing for the specific interaction of the cells through integrin-
adhesion™".

There are very few studies regarding the influence of topographical vs.
chemical cues. Britland et. al. investigated this hierarchical effect overlaying cell
adhesive chemical strips orthogonally to groove topographies, where they found
that baby hamster kidney cells aligned preferentially along the chemical tracks™®.
However, Charest et. al. stamped fibronectin lanes orthogonally on

lithographically produced grooves, and osteoblasts displayed a topography-

dependent contact guidance’’. This highlights the need to develop systems to
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distinguish the relative influence of chemical and topographical cues on the
regulation of the different cell-types.

b) Adhesion

One of the required conditions for the design of biomimetic systems is to
reproduce the adhesion of the HCECs to their substrate environment. Previous
reports have shown that patterning a substrate increases the formation of adhesive
structures®, and a 2-fold increase in adhesion of HCECs cultured on the smallest
features of patterned scaffolds was measured by Karuri, et. al. when subjected to
shear stress?®. Adhesion of cells is dependent on two mechanisms: 1) adsorption
of proteins and 2) direct interaction with receptors’. The former mechanism has

been used to chemically increase adhesion of cells, like the plasma treatment of

6,78 79,80

materials™"®, the use of adhesive synthetic polymers™®, amine-functionalization
of surfaces®, or other physical modifications to the materials®. However, since
the adhesion mediated through integrin receptors activates many cellular
pathways®, the use of these biomolecules to modulate adhesion is the most
advantageous method to reproduce the cellular environment.

Integrins are heterodimeric receptors that link the ECM with the cytoskeleton
of cells. These receptors are known to regulate other aspects of cell behavior in
addition to adhesion, including cell survival, proliferation, motility and
differentiation®. There are many integrin-binding motifs, but the sequence Arg-

Gly-Asp (RGD), discovered by Pierschbacher and Ruoslahti in 1984% is

ubiquitous and recognized by at least 12 integrin dimers®. It was first shown to
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be recognized in fibronectin, but later found in many other ECM proteins;
although not all proteins containing RGD mediate cell adhesion, suggesting that
RGD has to be available for the receptors. Studies using cyclic motifs improve
cell adhesion, indicating that affinity also depends on conformation of the
aminoacids®. The RGD sequence has been extensively used as an adhesion

28,33,85-99

promoter A summary of some studies using RGD as an adhesion

promoter is shown in Table 1.3¢8991:9495.97.99-104

c) Migration

Topography can also affect the migration of cells®*. Velocity of migration is
dependent on the size of the topography®, and HCECs tend to migrate

preferentially along the direction of the patterns®236°2546L70,

If subjected to
electric fields perpendicular to the topography, Rajnicek et. al. showed that CECs
tend to migrate in the direction of the field’?. Diehl et. al. observed a higher rate
of migration for HCEC on 1600 nm compared to other feature sizes®. Cell
migration also depends on the strength of the cell adhesion: if cell adhesion is
low, cells cannot develop enough traction to migrate, if cell adhesion is too high,
the receptors cannot dissociate and migration is also impaired*®. Immobilizing
specific growth factors (GF), including Fibroblast GF (FGF)* and Epidermal GF

(EGF)™ has been shown to promote adhesion towards the GF gradient.

d) Proliferation

Protein adsorption on different Self Assembled Monolayers (SAMs) has been

shown to modulate proliferation of HCECs®*. The immobilization of collagen,
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fibronectin and RGDS promoted the adhesion and proliferation of corneal
epithelial cells**. On nanostructured polystyrene cells showed increased adhesion
and proliferation compared with flat surfaces®. Proliferation of SV40 and CECs
was found to decrease with nanoscale topographies below the 1600 nm pitch®”’.

e) Gene expression

Expression and genomic studies related to the response of fibroblasts and
osteoblasts to topography show changes in the expression of several proteins such
as: tyrosine kinases (enzymes that phosphorylate proteins and stimulate
proliferation and differentiation); GF; G proteins, such as Ras, Rab, and Rho
(regulators of the cytoskeletal conformation, formation of filopodia and
lamellipodia and proliferation of cells); matrix metalloproteases and collagen

matrix (which stimulates the rearrangement of the ECM)**®,

Our laboratory
investigated the influence of topography on human umbilical vein endothelial cell
(HUVEC) gene expression, using gene arrays'®.  Of the 47,000 targeted
transcripts, 3171 genes showed significant differences between HUVECSs plated
on planar surfaces and cells plated on 400 nm pitch substrates. Genes that
presented the most significant increases on topographic features were those
involved in protein modification and maintenance, while the most significant
decreases were on cell cycle proteins. Several ECM proteins, including integrins,

collagens and laminins were uniformly downregulated for the topographic

substrates vs. the flat surfaces®®®.
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In the majority of the studies performed in the past, the behavior of the cells exposed

to micro and nanotopography can be attributed to two distinct factors: reaction of the
cells to the topography itself, or reaction of the cells to local differences in chemistry,
imparted by the nano-imprinting techniques®, allowing for confusion in the interpretation
of the results. To avoid this controversy and differentiate the chemical effects from the
topography, it is important to have control of the surface chemistry of the substrates. Cell
proliferation rates can be greatly influenced depending on the surface chemistry as has
been shown by Franco, et. al.** Furthermore, the proteins adsorbed on surfaces have a
major effect on the cellular response, and the hydrophobic/hydrophilic character of the

3.3 It has also been found that the

materials can influence the adsorbed protein layer
charge density on the surfaces influences cell adhesion and proliferation for SV-40
transformed Human CECs (SV40-HCECs)* and bovine endothelial cells”. Therefore,
the use of substrates that inhibit the adsorption of proteins, but allow the incorporation of

bio-ligands specific to cellular receptors may untangle these effects.

1.7 Use of Poly (ethylene glycol) hydrogels as non-fouling, functionalizable
substrates for corneal epithelial cells

Hydrogels are hydrophilic water-insoluble polymer networks with the property of
swelling to an equilibrium volume, retaining their original shape. The hydrophilic
character of these materials is due to the nature of the dispersing forces due to the
chemical residues in the backbone or lateral chains (usually -OH, -COOH, -CONH-, -

CONHjy, -SOzH); and their insolubility depends on the cohesive forces in the formation of



12

109
k

a three-dimensional network™". These cohesive forces can be generated by chemically

crosslinking the polymers using radical polymerization, addition reactions, condensation
reactions, etc. (in chemical or irreversible hydrogels); or by physically crosslinking with

cooperative and associative forces, such as ionic interactions, hydrogen bonds, protein

interactions, antigen-antibody interaction, etc. (in physical or reversible hydrogels)**.

These different crosslinking methods give hydrogels their versatility for use as drug

delivery agents, biosensors or scaffolds in tissue engineering applications™*****,

Because of their high water content, tissue-like properties, biocompatibility, good

114,115

mass transfer , protein adsorption resistance, ability to be engineered to promote

116

environmental responsiveness by the functionalization with bioligands™™ or modified

110,117

crosslinking techniques , and the possibility to tailor their mechanical properties to

match those of many soft tissues'®. Hydrogels are excellent materials for biomedical

109,113

applications , such as diagnostics, therapeutic devices*®, implants**?°, drug delivery

systems'?! or use as a synthetic basement membrane! %,

Hydrogels for biomedical applications can be made from natural polymers, like
collagen, hyaluronate, fibrin, alginate, agarose or chitosan; or from synthetic polymers
such as poly(acrylic acid) (PAA), poly(ethylene glycol) (PEG) or poly(vinyl alcohol)
(PVA), and their copolymers'?>. Among the synthetic hydrogels, PEG is particularly
appealing. It is soluble in water, transparent, nontoxic, FDA approved for internal
consumption, hospitable to biological materials, non-immunogenic, prevents protein

122,123

adsorption, can be coupled to biomolecules , and it is permeable to glucose and other

110

metabolites*®. It can be tailored using different crosslinking methods*°, and it can be
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110,125

copolymerized with degradable polymers (PLA, LGA) Peptides can be

incorporated to promote cell adhesion or enzymatic degradation****?¢*%  PEG hydrogels

has been extensively studied because of these desirable properties?®®7:89.9899,106.123.125-

127,129-135.

An important method to crosslink PEG hydrogels is through photopolymerization.
The use of photopolymerizable materials allows for both spatial and temporal control of
polymerization, versatility of formulations and the possibility of premixing and storing
the precursor solution under appropriate conditions until use. Shapes are retained upon
photopolymerization, allowing the possibility of molding. Porosity can be added by
introducing salts that will be leached out after hydration'*®®. Photopolymerizable systems
normally have a monomer with a polymerizable residue; a photoinitiator and a source of
light, depending on the transparency of the non-polymerized mixture and the extinction

h118136137 " Bryant, et. al.** and

coefficient of the photoinitiator to a particular wavelengt
Williams et. al.**® compared the cytocompatibility between different photoinitiators for
different cell lines. Both studies concluded that one of the most tolerated photoinitiators
is 2-hydroxy-1-[4-(hydroxyetoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959).

Several techniques have been proposed and tested to impart hydrogels a defined

topography, such as photonic crystals and inverse colloids®**; direct writing

146147 or photolithography™**#!3: however, these techniques are usually

techniques
complicated and expensive. A more simple approach, explored by the Langer research

group at the Massachusetts Institute of Technology, is the use of soft lithography
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techniques™113>148

. They were able to determine the right conditions to obtain negative
replicas of the stamps'??, and mold features as small as 50 nm**,

There are different methods to covalently bind biomolecules to PEG hydrogels®,
including: 1) Activation. In these methods, the surface of the pre-formed hydrogel is
derivatised with a functional group reactive to peptides. Among them, we can find the
use of N-Hydroxysuccinimide (NHS) and its derivatives'®? or the use of Tresyl chloride®
(Figure 1.5A); although this approach has the inconvenient of being unselective®®. 2)
Incorporation. The biomolecule is reacted directly to the primary solution (Figure 1.5B).
An example of this technique is the use of Michael-type reactions'®. 3) Polymerization.

A biomolecule is coupled to the compound with a reactive end and is incorporated into

the hydrogel during crosslinking™ (Figure 1.5C).

1.8 Objectives
The scope of this work involves the design of a biomaterial based on the use of
hydrogels to mimic the microenvironment and instructional cues of the corneal epithelial
basement membrane. This will be achieved by examining the following specific aims:
1. Incorporation of biochemical cues into PEG hydrogel substrates to
promote integrin-specific human corneal epithelial cell attachment and proliferation.
2. Fabrication of biochemically and topographically engineered PEG
hydrogels with non-fouling characteristics to isolate the effect of the topographic cues
from the biochemistry of the substrate, and to decouple the confounding influence of

non-specific protein adsorption from soluble factors within the media.
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3. Use of the above materials with controlled topography and chemistry to
design tissue-engineered corneal epithelial basement membranes that promote corneal

epithelial wound healing.

1.9 Results

In the work presented here we investigated the use of poly(ethylene glycol) diacrylate
(PEGDA) hydrogels to mimic native biophysical biochemical cues from the human
cornea. Although we observed that the non-fouling characteristics of PEGDA hydrogels
are dependent on the molecular weight of the pre-polymer, the cell attachment of human
corneal epithelial cells (HCECs) was limited or absent on PEGDA MW 3400 hydrogels
and this specific material was used as a platform for further studies. PEGDA MW 3400
hydrogels were functionalized with the integrin-binding RGD peptide, a short sequence
found in multiple extracellular matrix proteins that are known to impact HCEC behavior.
Upon incorporation of increasing levels of RGD peptide into the PEGDA gel, we
observed a direct correlation with the number of cells attached. In addition, variations in
the percentage of cells attached between primary HCEC and two HCEC cell lines suggest
this attachment might be cell-type specific. The use of scrambled sequences and
competitive assays using soluble RGD demonstrate the integrin-specific attachment to
RGD through the absence of HCEC cell attachment. Proliferation of HCECs on RGD-
functionalized substrates appeared to be independent of the RGD content of the substrate.
These results demonstrate the plausibility of providing HCECs with specific biochemical

cues to direct cellular behavior.
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Next, we incorporated topography to our PEGDA substrates functionalized with
adhesion peptides to mimic the native physical and chemical attributes of the basement
membrane underlying the epithelium in vivo. We observed that the swelling of hydrogels
impacted negatively on the retention of the topography, but hydrogels synthesized from
aqueous solutions of 20% PEGDA (MW of 3400 g/mol) swelled minimally after curing
and were molded with ridge and groove features with lateral dimensions from 200 nm to
2000 nm and 300 nm depth. HCECs were cultured on topographic surfaces
functionalized with RGD and compared to control unfunctionalized topographic
substrates. HCEC alignment, either parallel or perpendicular to ridges, was influenced by
the culture media on substrates promoting non-specific attachment. In contrast, the
alignment of HCECs cultured on RGD hydrogels showed substantially less dependence
on the culture media. In the latter case, the moldable RGD-functionalized hydrogels
allowed for decoupling the cues from surface chemistry, soluble factors, and topography
that simultaneously impact HCEC behavior.

We developed an in vitro wound healing assay to test the influence of our substrates
with controlled chemistry and topography, and demonstrated that the rate of corneal
epithelial wound healing is increased by 50% in hydrogel surfaces containing
topographic features, compared to flat surfaces. This increased healing is not due to
increased proliferation or increased spreading of the epithelial cells, but to the increased
migration of cells in the border of the wound. These results show the potential benefit of
resurfacing the surface of artificial corneas to enhance the formation of a functional

epithelium.
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1.10 Figures

; -t %
‘_—Basemem membrane=
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44— Stroma
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Figure 1.1.- Scheme showing the layers of the human cornea
Epithelium, stroma and endothelium, and the structures supporting them: basement
membrane, Bowman’s layer and Descemet’s membrane. From Last, JA, et. al. (2009)

Journal of Structural Biology 167, 19-24 (Reference 150)
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Figure 1.2.- Scanning electron micrograph of the epithelial basement membrane of

the human cornea

showing the topography consisting of fibers and pores. From Abrams, GA et. al., (2000)

Cornea 19(1), 57-64 (reference 13)
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Figure 1.3.- Scanning electron micrographs of a chip patterned with six different
topographies.
From the right bottom, clockwise: 4000 nm, 2000 nm, 1600 nm, 1200 nm, 800 nm and

400 nm pitch. From Fraser, SA et. al., (2008) J Biomed Mat Res A 86(3), 725-735

(reference 56)
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Figure 1.4.- HCEC:s elongate and align along grooves and ridges.
a) HCEC aligned on 400 nm pitch. b) HCEC aligned on 4000 nm pitch. ¢) HCEC on
smooth substrate. From Teixeira Al, et. al. (2003) J Vac Sci Technol B 21(2), 683-687

(Reference 68)
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GRGDY and GYIGSRY :;e;{;;h"’”de wlink 15 1 pmotiema 12.1 pmolicm2 HFFs Cells spread better on RGD than YIGSR (94)
GRGDY tresyl chloride to link 10.001/0.01/0.1/1.0/10/ 10.001/0.01/0.1/1.0/10/100/1 HEFs Maximal cell spreading at 1 fmol/cms. Focal (104)
to glass 100/1000 fmol/cm2 {000 fmol/cm2 contacts at 10 fmol/cm2
Photopolymerization with
2,2-dimethyl-2-phenyl- Acryloyl-PEG-NHS " ) .
0/ 0/
PEGDA 8 kDa (1\;)//6)and 2% acetophenone in N- YRGDS 3.4 kDa and Acryloyl- 0;:2:/205021/0‘1/1'0 0;]23/2%(;1/0.1/1.0 HFFs Sferse::tl;igo?]roponmoal {0 peptide (91)
vinylpyrrolidone 365 nm, 10 NHS p P P '
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. Photopolymerized wutg D,L-|Ac- . L
p(Aam-co-EG/AA) IPN with |- . Acryloyl-PEG-NH2 Cell adhesion and mineralization of ECM
PEG 1000 camphor_qulnone 470  |CGGNGEPRGDTYRAY:- 3.4 kDa + SMCC Not reported RCO were RGD dependent (100)
nm, 3 min NH2
Ac- . . I
CGGNGEPRGDTYRAY Linked covalently to {0.01/0.62/3.8 0.01/0.62/3.8 pmolicm2 RCO Increased cell adhesion and calcification @)
NH2 quartz surfaces pmol/cm2 >0.62 pmol/cm2
Photopolymerization with N " . .
P_EGDA 8 kDa and PEG- 23% (whv) vinylpyrrolidone 50-75 Ac-GCGYGRGDSPG- Michael-type reaction 0.368/1.18/3.68 0.368/1.18/3.68 pmollcm? Fibroblasts and Cell spreading aft_er 4 hours was proportional o)
diacrylmide 3.4 kDa . NH2 pmol/icm2 HUVECs to RGD presentation
mW/cm2 for 1-2 min
. A Immortalized HCECs (Good adhesion with YIGSR, less adhesion
o ’ \
HEMA 70% (wiw) Benzoy! peroxide RGDS and YIGSR Tresyl-chloride Not reported and HVECs \ith RGDS (95)
Photopolymerization with 2.6/5.2/6.5 umol/mL  |2.6/5.2/6.5 pmol/cm2 . . .
seos [0 fes T
PEGDA 10 kDa 10% (whv) acetophenone in N- TMKIPENRLTIGG and [, A'KDZ 2.0-49umolimL [4.9 pmoliem2 Neutrophils pR GDS”W“;’FNRLT‘-" orepssvicsrs | ©)
vinylpyrrolidone 365 nm, 10[YIGSR : TMKIIPFNRLTIGG  [TMKIIPFNRLTIGG RGDS
mWicm2, 30 s 2.8 umol/mL YIGSR 2.8 pmol/cm2 YIGSR
GCGGGRGDSPG, Adhesion RGD>PHSRN>YIGSR Best
8-arm PEG-acrylate 20 kDa  |25% (w/v) PEG dithiol 3.4 kDa GCGGGVPHSRNG and |Michael-type reaction 0.2333;/;.24/3.9 0.08/.32/1.24/3.9 pmol/cm2 :’\\/Ag/,;g and YIGSR+RGD  Migration is best with (88)
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. 3.4 kDa increased with peptide presentation
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p(IPAAM-co-CIPAAM) Monolayer Graft polymerization o 1oy pps, GRGDS  |EDCINHS 0.2/06/1.0/20 0.2/0.6/1.0/2.0 nmolicm2 [BAECs Spreading GRGDS>RGDS>RGD Spreading | o)
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vescular

NOTES: HFF-human foreskin fibroblast; RCO-rat calvaria osteoblast-like; HUVEC-human umbilical vein endothelial cell; HCEC-human corneal epithelial cell; HVEC-human vascular endothelial cell HMVEC-human microvascular endothelial cell; HVSMC-human

Table 1.1.- Summary of studies using RGD as an adhesion promoter.
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Figure 1.5.- Methods to covalently bind biomolecules to PEG hydrogels.

A) Activation. B) Incorporation. C) Polymerization.
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CHAPTER 2: INCORPORATION OF BIOCHEMICAL CUES INTO A

POLY(ETHYLENE GLYCOL) DIACRYLATE HYDROGEL SUBSTRATE TO

PROMOTE HUMAN CORNEAL EPITHELIAL CELL ATTACHMENT AND

PROLIFERATION.

2.1 Introduction

The behavior of cells and tissues in an organism is highly dependent on the numerous
chemical and mechanical cues presented by the media, the neighboring cells and the
extracellular matrix (ECM)'. The ECM-cell interactions can be further divided onto
biochemical cues, mechanical cues and topographical cues®. The impact of those signals
on cell behavior has been extensively studied®®. The incorporation of the necessary
information for the cell to promote certain behaviors onto biomaterials is important for
biomedical fields such as tissue engineering, the design of artificial organs and cell
culture.

Artificial corneas are an important therapy that involves the design of biomaterials as
an artificial ECM with biomimetic characteristics. Several corneal prosthetics have been
developed although they are limited by problems such as extrusion, infection, epithelial
down-growth and the formation of opaque retroprosthetic membranes®. The coverage of
the device with an epithelial layer has been proposed as a solution for those issues®. To
achieve the formation and maintenance of a healthy corneal epithelium, the design of
corneal prosthetics requires the use of biomaterials that include all the relevant cues

found within the native corneal epithelial environment, and more specifically, the
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basement membrane (BM), a thin and highly specialized ECM component that supports
the corneal epithelium®®. We believe that incorporation of these native extracellular cues
onto the external surface of prosthetics will improve the device design through the
formation and maintenance of a healthy corneal epithelium.

To ensure the isolation of the specific cell substrate receptors and the downstream
signaling pathways responsible for the behavior of human corneal epithelial cells
(HCECs), the substrates used must be engineered to inhibit the non-specific protein
adsorption and, at the same time, allow for their functionalization with specific ECM
ligands.  Hydrogels synthesized with poly(ethylene glycol) (PEG) are suitable
biomaterials for the incorporation of biophysical and biochemical cues found in the
corneal BM. This material has already been used extensively in other FDA approved
medical applications including nonfouling coatings™ and artificial ECM *2. In addition,
they possess many desirable qualities including resistance to protein adsorption and lack
of toxicity both in vitro and in vivo***. PEG hydrogel substrates can be fabricated using
several different established methods that allow the incorporation of different ligands'®,
including crosslinking via radical polymerization or chemical reaction and subsequent co-
polymerization with biodegradable materials, such as poly(lactic acid)'’ or biodegradable
peptides™. In summary, PEG hydrogels allow for a flexible platform to investigate the
impact of biophysical and biochemical cues on HCEC behavior.

The objective of our particular study involves the fabrication of polymeric PEGDA
substrates that allow for incorporation of specific ECM peptides from the corneal BM to

investigate the impact of biochemical cues on several HCEC behaviors including
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attachment, cell area and proliferation. The peptide RGD (Arg-Gly-Asp) is a rational
first choice as the bioactive ligand to be incorporated into PEG hydrogels to provide
specific and relevant adhesion moieties to the HCECs because this sequence is involved
in binding to cell substrate adhesion receptors including several integrins®®. In addition,
we chose to include commonly used HCEC cell lines SV40-HCEC and hTCEpi
immortalized cell lines as well as primary HCEC cells to provide a thorough
characterization of HCEC behavior. These studies have fundamental relevance to our
understanding of HCEC interaction with the underlying substrate. They will aid in the

development of better cell culture systems and improved corneal prosthetics.

2.2 Materials and methods

2.2.1 Synthesis of ECM peptides

RGD peptide (Cys-Gly-Gly-Arg-Gly-Asp-Ser-Pro) and scrambled peptide RDG
(Cys-Gly-Gly-Arg-Asp-Gly-Ser-Pro) were synthesized by solid phase peptide synthesis
on Fmoc-Rink Amide MBHA resin with Fmoc-protected a-amino groups using a peptide
synthesizer (CS Bio, Menlo Park, CA). 2,2,5,7,8-pentamethyl-chroman-6-sulfonyl was
used as side-chain protecting group for Arg. The resulting peptide molecules were
cleaved from the resin for four hours using a TFA:TIS:water (95:2.5:2.5) solution,
filtered to remove resin and precipitated in diethyl ether. Peptides were analyzed by

matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass
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spectrometry (Bruker Reflex Il time-of-flight mass spectrometer) and used without

further purification.

2.2.2 Fabrication of PEGDA hydrogels

Precursor solutions of 20% (w/v) poly(ethylene glycol) diacrylate (PEGDA) were
prepared by dissolving either PEGDA 3400 MW (Glycosan Biosystems, UT), or PEGDA
700 MW  (Sigma-Aldrich, Japan) in 10 mM  4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer at pH 8.0. 0.05% 1-propanone, 2-
hydroxy-1-[4-(hydoxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959, Ciba AG)
was used as the photoinitiator. Variable amounts of RGD or RDG peptide containing a
cysteine residue were added to the precursor solutions to reach final concentrations of 0,
1, 5, 10 or 20 mM. All hydrogel substrates were prepared within a 100% nitrogen
atmosphere to eliminate potential inhibition of free radical polymerization by oxygen. A
20 pL drop of the precursor solution was placed on top of a degassed poly(dimethyl
siloxane) (PDMS, Sylgard® 184, Dow Corning, MI) flat stamp with 0.5 mm PDMS
spacers. The precursor solution was then covered by a glass cover slip previously treated
with 3-(trichlorosilyl) propyl methacrylate (TPM, Sigma-Aldrich, UK) to ensure
adhesion of the gels to the surface. The construct was polymerized under UV-light (364
nm for 900 s at 7.0 mW/cm?) and sterilized for 24 hours by soaking in 5% Isopropylic
alcohol (IPA) in 1X phosphate buffered saline (PBS, pH 7.2). Hydrogel substrates were
rinsed and soaked for 24 hours in 1X PBS and pre-incubated for 2 hours in the

appropriate cell culture media for full equilibration.
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2.2.3 Cell culture

Primary cell strains of pooled HCEC and two different human corneal epithelial cell
lines were used to test the hydrogel substrates. Primary human corneal epithelial cells
(HCEC) were harvested from human cadaver corneas graciously donated by the Lions
Eye Bank of Wisconsin, Madison or the Missouri Lions Eye Bank (Columbia, MO) as
previously reported'®. Following disaggregation of HCEC with dispase solution (1.2
units/ml at 37 °C for 4 h, Boehringer Mannheim, Germany), cells from 2 to 4 corneas
were centrifuged and re-suspended in epithelial medium. Epithelial medium consist of a
3:2 ratio of Ham’s F12:Dulbelco’s Modified Eagles medium (DMEM) (Invitrogen, CA),
supplemented with 2.5% (v/v) fetal bovine serum (FBS), 0.4 ug/mL hydrocortisone, 8.4
ng/mL cholera toxin, 5 pg/mL insulin, 24 ug/mL adenine, 10 ng/mL epidermal growth
factor, 100 units penicillin, and 100 pg/mL streptomycin®®?!. Both the primary HCECs
and and the immortalized human corneal epithelial cell line hTCEpi ( courtesy of Dr.
James Jester, UC-Irvine)?? were maintained in culture in 100 mm tissue culture plates
containing a mitomycin-c treated Swiss 3T3 fibroblast layer. Cells were incubated at 37
°C and 5% CO; until they reached approximately 70% confluence. HCEC were used
between passages 1 and 4 and hTCEpi cells were used between passages 40 and 50.

SV40-HCECs (from Dr Kaoru Araki-Sasaki, Kiniki Central Hospital, Hyogo,
Japan®®) were grown in 100 mm tissue culture plates at 37 °C with 5% CO, in a modified,
Supplemented Hormonal Epithelial Medium (SHEM; Sigma-Aldrich, Co., St Louis, MO,

USA). SHEM, which is made up of Dulbecco’s modified Eagle’s medium (DMEM),
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Ham’s F-12 and 10% fetal bovine serum (FBS; Sigma-Aldrich, Co.). Passages 19-25 of

the SV40-HCECs were used for our experiments.

2.2.4 Analysis of Cell Attachment and Proliferation

An experimental set consisted of 3 replicates of each hydrogel substrate plated at a
density of 10,000; three replicates of each hydrogel substrate plated at a density of
20,000; and three replicates of each hydrogel substrate plated at a density of 30,000 cells
per cm?  All cells were incubated for 24 h after plating to allow for attachment and
spreading. For the initial cell attachment experiments, the number of adherent HCECs
were counted after 24 hours in culture. Hydrogel samples with HCECs were imaged
using a Zeiss Axiovert 100M fluorescence microscope (Zeiss, Germany). Phase images
of cells on each of the surfaces were obtained using a 10X objective lens. At least four
images, which encompassed the majority of the PEGDA surface, were taken for each
substrate as well as control tissue culture polystyrene (TCPS). Each experimental set
contained at least three replicates per substrate per plating density, and was repeated in
triplicate.

For calculation of cell proliferation, cells numbers were also analyzed after 120 hours
to calculate the percent increase. The rate of proliferation was calculated as percentage
increase = 100 X (N-No)/No, where N is the number of cells at 120 hours and No is the

number of cells at the 24 hour timepoint®”.
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2.2.5 Immunocytochemistry
Cells were stained for actin-filaments using actin-phalloidin which provides an
outline of the cell for measurement of cell area and DAPI for measurement of cell
number as previously described®. Briefly, following incubation, cells were fixed with
1% paraformaldehyde—PBS (Electron Microscopy Sciences, PA) at room temperature for
20 min. Cells were then permeabilized with 0.1% Triton X-100 (Sigma—Aldrich, MO) in
1X PBS for 7 min, and then exposed to 1% (w/w) bovine serum albumin (Sigma—
Aldrich, MO) in 1X PBS for 20 min to block non-specific binding. Cells were then
incubated with 5 pg/mL of TRITC—phalloidin (Sigma—Aldrich, MO) containing 0.1
pug/mL 4°,6-Diamidino-2- phenylindole (DAPI) (Invitrogen, CA) in 1X PBS for 40 min,

to label both filamentous actin (red), and the nucleus (blue).

2.2.6 Soluble RGD peptide competitive assay

Soluble RGD peptide (Gly-Gly-Gly-Arg-Gly-Asp-Ser-Pro) or soluble, control RDG
peptide (Gly-Gly-Gly-Arg-Asp-Gly-Ser-Pro) were dissolved in the cell-appropriate
media to reach concentrations of 10 pM, 100 uM and 1000 uM. Hydrogel substrates
functionalized with 10 mM RGD were pre-incubated with the corresponding peptide-
containing media prior to plating. After two hours of pre-incubation, cells were plated
onto substrates in the presence of either soluble RGD or RDG peptide, incubated for 24

hours, and adherent cells were counted as previously described.
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2.2.7 Statistics
Experiments were analyzed using analysis of variance (ANOVA). When variability
was determined to be significant (P < 0.05), the Tukey’s multiple comparison test was
used to determine significance between groups. Significance was further divided into
“statistically significant” ( 0.01 < P < 0.05), “very significant” (0.001 < P < 0.01), and

“extremely significant” (P < 0.001).

2.3 Results

2.3.1 PEGDA MW 3400 inhibits non-specific HCEC attachment.

The inhibition of non-specific HCEC attachment is dependent on the molecular
weight of the PEGDA pre-polymer. In order to select the molecular weight of PEGDA
pre-polymer that inhibits non-specific HCEC attachment; we tested two different
molecular weights, including PEGDA MW 700 and PEGDA MW 3400. We included
primary HCECs and two immortalized HCEC lines to determine if non-specific cell
attachment is cell-type specific. The three cell-types studied were cultured on the surface
of hydrogels for 24 hours, and adherent cells were quantified. All the corneal cell types
cultured on PEGDA MW 700 hydrogels showed an extremely significant increase (P <
0.001) in the number of cells adherent to the substrate compared to cells cultured on
PEGDA MW 3400 hydrogels (figure 2.1). More specifically, SV40-HCECs cultured on
PEGDA MW 700 presented a 365-fold increase with respect to cells cultured on PEGDA

MW 3400, while hTCEpi cells had an 8.7-fold increase and primary hCECs showed a
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4.7-fold increase in cell number. Based on our results, the best non-fouling properties
were found on hydrogels made with PEGDA MW 3400. Therefore it was used for
subsequent experiments involving functionalization of the hydrogel substrate with

specific peptides.

2.3.2 HCECs exhibit specific RGD-dependent attachment on flat functionalized PEG
surfaces

Peptides were covalently incorporated to the acrylate groups of the PEGDA
macromer via a Michael-type addition reaction?®, where candidate peptides containing
thiol groups react with the acrylate groups present in PEGDA to form stable covalent
linkages (scheme 2.1). To validate HCEC attachment specificity through integrin
binding, variable amounts of the peptide RGD or control “scrambled” RDG were added
to precursor solutions of 20% PEGDA MW 3400 to reach the final peptide
concentrations of 1, 5, 10 or 20 mM in the solution. Flat hydrogels were synthesized by
applying 30 uL onto a flat PDMS and covering with a previously TPM-treated glass
coverslip in a nitrogen atmosphere. The hydrogels were UV-crosslikned, sterilized and
rinsed and soaked in culture medium until equilibration. HCECs were cultured and
stained and imaged for the level of cell attachment. As expected, unfunctionalized
hydrogels synthesized with PEGDA MW 3400 or substrates functionalized with the
scrambled peptide RDG showed no significant attachment of HCECs for any of the
scrambled peptide concentrations (1-20mM) (images not shown). Images in figure 2.2

demonstrate a monotonically increasing number of attached HCECs with increasing
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concentration of RGD in the hydrogels. The cell number of HCECs on 5mM RGD
substrates increased 33-fold compared to the control unfunctionalized hydrogel and 22-
fold compared to the 5 mM scrambled peptide. On 10 mM RGD substrates, the HCEC
number increased 49-fold compared to the control unfunctionalized hydrogel and 5-fold
compared to the hydrogels functionalized with10 mM scrambled peptide. HCECs on 20
mM RGD substrates exhibited an extremely significant increase of 60-fold compared to
the control unfunctionalized hydrogels and 120-fold increase compared with the 20 mM
scrambled peptide (figure 2.3). These results demonstrate that our substrates are non-
fouling and possess a controlled biochemistry that allows for specific RGD-integrin
attachment.

To further test the specificity of the HCEC attachment to the RGD peptide, each of
the three corneal cell-types was plated onto 5 mM RGD substrates, in the presence of
media containing a range of concentrations of either soluble RGD or RDG peptides (0-
1000 uM). HCECs cultured in media with the control soluble scrambled RDG peptide
demonstrated no negative effect on the cells ability to adhere and a significant increase in
the number of cells attached with respect to cells cultured in media with no peptide.
However, cells cultured in soluble RGD peptide-containing media showed a competitive
effect in cell binding to the substrate resulting in a decreased number of cells attached
with increasing RGD concentration, and no cells attached when the concentration reached

1000 uM RGD (figure 2.4).
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2.3.3 Increased RGD concentration influences the cell area of SV40-HCECs
In addition to initial cell attachment to the peptide-modified hydrogel substrates, we
also investigated potential changes in cell spreading through quantification of the total
projected cell area. After 120 h in culture, primary HCEC and hTCEpi cells
demonstrated no significant difference in the projected area of cells cultured on substrates
functionalized with our range of RGD concentrations. hTCEpi cells had an average area
of 1690 pm® and primary HCECs had an average area of 1585 pm? (figure 2.5).
However, SV40-HCECs cultured on 10 mM RGD and 20 mM RGD hydrogels showed a
significant increase in cell area with respect to cells cultured on 5 mM RGD hydrogels (P
< 0.05 and P < 0.001 respectively). SV40-HCECs averaged 431 um? in the 5 mM RGD

gels, 627 um? in the 10 mM RGD gels and 736 um? in the 20 mM RGD gels (figure 2.5).

2.3.4 HCEC proliferation showed no significant differences with a range of RGD
concentrations.

We further investigated the impact of increasing RGD and control RDG
concentration on the proliferation rate of HCEC's. In order to account for variations in
plating efficiency due to the different RGD concentrations, cells were plated at the proper
density to achieve an initial number of 8,000-18,000 cells/cm® Total cell counts were
obtained at 24 and 120 hour time points. After 5 days in culture, results indicate no
significant difference in proliferation rates between concentrations of RGD in the

hydrogel (figure 2.6).
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2.4 Discussion
In our investigation of specific effects on HCEC behavior from a particular ECM
peptide, our first goal was the identification of a material that inhibits protein adsorption
and allows for controlled interaction of HCEC cells with specific ligands. As mentioned
previously, PEGDA hydrogels are resistant to protein adsorption; however, studies from
Park, et. al.?’, Du, et. al.”® and Nolan, et. al.”® have indicated potential issues with non-
specific binding of several different cell-types to low molecular weight PEGDA
hydrogels. For this purpose, we investigated two different molecular weights of PEGDA
hydrogels. Our results were in accord with these previous studies as all three corneal
epithelial cell-types attached non-specifically to PEGDA MW 700, but not to PEGDA
MW 3400. The non-specific cell attachment most likely occurs via the generation of
multifunctional poly(acrylate) (PA) regions during cross-linking of the materials through

free-radical polymerization®**,

In the formed hydrogels, the ratio of PA domains to
PEG domains increases with decreasing molecular weight. PEGDA 700 has a PA:PEG
ratio of 15%, while the PA:PEG ratio in PEGDA 3400 is 3%, thereby potentially
increasing the level of non-specific binding for the low molecular weight PEGDA®*®, In
summary, hydrogels made with low molecular weight of PEGDA were dismissed as
feasible substrates because of their tendency to allow for non-specific interactions with
HCECs. Interestingly, the immortalized SV40-HCEC line appeared to be the least
affected by the absence of specific peptides and had a significant ability to bind to

unfunctionalized PEGDA compared to the primary HCECs and hTCEpi cells. The

SV40-HCEC line has been widely used as a model system for corneal epithelial cells and
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the significant increase in cell attachment as compared to primary HCEC cells on
PEGDA 700 indicate this cell line may not be an ideal model in which to study specific
peptide interactions®*. In summary, all three HCEC cell types plated onto PEGDA 3400
demonstrated little to no attachment and this molecular weight was selected as the
hydrogel platform to incorporate our ECM peptide of interest, RGD for HCEC behavioral
studies.

Although there are several alternative methods to tether ECM-like peptides to our
hydrogel substrates, we have selected a conjugate addition reaction (Michael-type)®.
Briefly, candidate peptides containing a thiol group trough a cysteine residue react with
the acrylate groups present in the PEGDA precursor solution. We utilized this system
specifically for its ability to incorporate biological molecules into acrylated polymers
with rapid reaction times and no undesirable formation of by-products.

As a model to test the impact of biochemical cues presented by functionalized
PEGDA hydrogels to corneal epithelial cells, we selected the adhesive peptide RGD.
The RGD peptide sequence is present within many relevant ECM and basement
membrane proteins including collagen, fibronectin and laminin®*, and is involved in
binding to cell substrate adhesion receptors including integrins, such as asPi, avpi, ovps
and avPs™. RGD has been extensively shown to promote adhesion in various cells types,
such as fibroblasts®, endothelial cells*’, neutrophils® and corneal epithelial cells®.
Several studies have demonstrated the role of the RGD-binding asf; integrin in the
homeostasis*® and healing®* of the corneal epithelium. Furthermore, it has been recently

demonstrated that the functionalization of PEG-based hydrogels with RGD peptides
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reduces the observed immune response in vivo compared with non-functionalized PEG
when hydrogels were implanted subcutaneously in wild-type mice*. These reasons
highlight the relevance of using RGD as an adhesive peptide for HCECs.

Results from our cell attachment studies demonstrate the direct correlation between
the increased number of cells attached and the increased concentration of RGD peptide.
While a small, but insignificant number of cells adhered to the unfunctionalized
substrates, we observed that the number of cells attached to RGD-tethered hydrogels
increased monotonically with increasing RGD concentration, demonstrating the ability of
incorporating peptide into PEGDA hydrogels to control our substrates biochemically.
Our study defined a concentration of RGD between 1 and 5 mM RGD where cell
attachment increased greatly up to a threshold concentration of 10 mM, where the
number of cells attached reaches a plateau for all the HCEC types studied. The
attachment was solely mediated by the RGD sequence, as can be noted by the absence of
significant attachment when scrambled peptide was used. The determined threshold
concentration of peptide that promotes adhesion correlates well with other epithelial cell
studies. In Mertz, et. al. a hyaluronic acid scaffold functionalized with 4 mg/mL (2 mM)
of RGD induced faster epithelial outgrowth than control surfaces and surfaces with 2
mg/mL peptide (1 mM)*3. In addition, Epithelial cells demonstrated enhanced spreading
when the RGD density was increased from 0.01 mM to 1 mM on PEG hydrogels*.
Although the cell affinity for RGD peptides is greatly increased by the use of cyclic

RGD®, the focus on this work was to test our ability to incorporate biochemical
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molecules to topographic substrates, therefore a short sequence that has demonstrated
specific HCEC attachment was used*.

Our system also indicates the specific interaction of the HCEC cells with the RGD
peptide through our soluble RGD studies which compete for cell adhesion binding sites
and interfere with the ability of the cell to adhere. When cells were exposed to increased
concentration of soluble RGD, we observed a decrease in the number of cells attached.
In summary, we demonstrate HCEC attachment that is RGD peptide-specific and
dependent on the concentration.

In the course of our studies, we observed no significant difference in cell area after
120 h in culture with the range of concentrations of peptide used in our hydrogel
substrates for the primary HCEC and the hTCEpi cell line, suggesting that for those cell
types the available number of surface signals on our substrates is greater than the number
of cell receptors*’. However, for the case of the SV40-HCEC type, a small but
significant increase of projected cell area was observed with increasing RGD
concentration, which, along with the increased number of attached cells to all surfaces,
points out the different behavior for this immortalized cell type vs primary HCECs and
hTCEpi cells.

We also investigated the impact of RGD functionalized PEGDA hydrogel substrates
on the abilility of HCEC cells to proliferate. Upon first examination, proliferation was
observed to be dependent on initial cell number, where cells with insufficient cell-cell
1%,

interaction do not proliferate wel Therefore, in order to get consistent proliferation

measurements we selected surfaces where the initial cell density at 24 hours was between
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8,000 and 20,000 per cm® Under those conditions, no significant difference between
concentrations was observed. This observation is supported by studies such as Yang, et.
al. where they observed that the concentration of RGD does not change the proliferation
of bone marrow stromal cells*, or Jacob, et. Al, where RGD tethered surfaces did not
increase the proliferation of rabbit corneal epithelial cells®. However, some groups have
reported differences in proliferation with RGD concentration, suggesting this behavior is
cell-type dependent. Smooth muscle cells show a negative correlation of proliferation
with RGD concentration™, human dermal fibroblasts show a positive correlation*, and
pre-osteoblasts show a maximum proliferation at intermediate RGD concentration®.
Lee, et. al. investigated the influence of RGD on osteoblasts, and concluded that
proliferation is more dependent on the clustering of RGD than the overall RGD
concentration®,

In summary, we achieved the fabrication of non-fouling materials that can be
incorporated with specific biochemical motifs to promote HCEC attachment. These
materials can provide controlled biochemical cues to HCECs to form an epithelial layer
and improve corneal prosthetics, and can be used to investigate the behavior of cells.
Other peptides found in fibronectin or laminin can be incorporated to promote the
binding and signaling of other receptors, such as syndecans or the ogP4 integrin, which
have been established as key components in the corneal epithelium wound healing®®.
Furthermore, for future studies, we can incorporate physical cues, such as topography,
onto UV-polymerizable hydrogels using techniques as soft lithography™, colloidal

lithography®’ or photolithography®®.
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2.5 Conclusions

In order to investigate the biochemical effects of ECM cues on the adherence of
HCECs, we fabricated non-fouling substrates made of PEGDA hydrogels and
functionalize them with variable amounts of the adhesive peptide RGD. Our results
indicate that the number of HCECs adhered on our substrates increased in a dose-
dependent manner with increasing concentration of RGD. The lack of attachment on
substrates functionalized with scrambled RDG peptide and on substrates where the media
was supplemented with soluble RGD indicates that the adhesion is specific to certain
integrin receptors. In this study we also investigated the proliferation of HCECs on such
substrates, and we observed that proliferation is independent of RGD concentration.
These results will aid in the design of materials for the fabrication of artificial corneas, by
allowing the biochemical control of the epithelial cell behavior trough specific cell

receptors.
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Figure 2.1.- Inhibition of cell attachment is molecular weight dependent.

Hydrogels made with PEGDA MW 700 precursor allowed non-specific cell binding and
attachment, whereas hydrogels made with PEGDA MW 3400 showed no significant cell
attachment in all cell-types tested. Results demonstrated a 4.7-fold difference in primary

cells, a 8.7-fold difference in hTCEpi and a 365-fold difference in SV40 (P < 0.001).
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Scheme 2.1.- Michael-type addition reaction between a cysteine-containing peptide and PEGDA
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Figure 2.2.- Increasing levels of RGD peptide promote cell attachment on PEGDA MW 3400 hydrogels.
Cells were plated for 24 hours, followed by fixation, staining and analysis of cell attachment. Red: TRITC-Phalloidine.
Blue: DAPI. A) Unfunctionalized PEG hydrogel. B) PEG hydrogel functionalized with 1 mM RGD. C) PEG hydrogel

functionalized with 5 mM RGD. D) PEG hydrogel functionalized with 10 mM RGD. E) PEG hydrogel functionalized with 20
mM RGD. F) TCPS.
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Figure 2.3.- Cell attachment is RGD concentration dependent.
Non-functionalized PEGDA MW 3400 hydrogels and hydrogels prepared with scrambled peptide RDG showed no non-

specific binding for all cell types studied. Hydrogels functionalized with increasing RGD concentration show increasing

number of cells attached in 24-hour adhesion assay.
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Figure 2.4.- Soluble RGD assay demonstrates specificity of RGD-cell interaction.

hTCEpi cultured on PEGDA MW 3400 hydrogels, functionalized with 10 mM RGD
showed normal attachment when cultured on media supplemented with soluble scrambled
RDG peptide. A significant decrease in the number of cells attached was observed in the
1000 uM RGD concentration compared to media with no soluble RGD. Error Bars:

SEM. (**=0.001 <P <0.01)



3000;

2000

Cell area (um?)
=
o
o
S

2

Figure 2.5.-

e M &
C;QZ_. OQ- 0.04
& & 5

Q

*k*k

concentration showed significant increase of projected cell area,

62

[ primary
hTCEpi
B sv40

On day 5, SV40 cells plated on hydrogels with increasing RGD

where cells cultured on 5 mM RGD gels had an average area of 431 pum?, cells cultured

on 10 mM RGD gels had an average area of 627 um? and cells cultured on 20 mM RGD

gels had an average area of 736 um

. hTCEpi and primary hCEC had no significant

difference in projected area, where hTCEpi cells had an average area of 1690 umz and

primary cells had an average area of 1585 pm? (*= 0.01 < P < 0.05, ***= P < 0.001)



Sv40

Primary hTCEpi
15- 15- 159
(O]
(] (&)
@ 10- 2 10- 8101
(] () -
o o 5
= 2 = T
° ° o
S 2 ] 54
S 5 J— S 5 . : o —_—
|%| II i ——
C T T T C T T T 0 T
Q Q Q Q Q Q Q Q
& & & & & & L & &
6‘@ (@ (@ (@ @Q (@ @® 6‘@ 6‘@
° P S ° N P ® $ -

Figure 2.6.- Cell proliferation as fold increase.

Not significant differences of proliferation due to concentration were observed for any cell type, although SV40-HCECs

showed a higher proliferative state than primary-HCECs or hTCEpi cell type.
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CHAPTER 3: BIOCHEMICALLY AND TOPOGRAPHICALLY ENGINEERED
POLY(ETHYLENE GLYCOL) DIACRYLATE HYDROGELS WITH
BIOMIMETIC CHARACTERISTICS AS SUBSTRATES FOR HUMAN
CORNEAL EPITHELIAL CELLS.

3.1 Introduction

Transplantation with human donor corneal grafts is the primary treatment for the
majority of corneal disorders that cause visual impairment’. However, demand for grafts
far exceeds the amount of donor tissue available and the success rate of corneal
transplantation with human donor tissue is reduced in patients with certain pathologies?,
emphasizing the need for artificial prostheses®. We hypothesize that the incorporation of
both biochemical (molecules interacting with the cell) and biophysical (topography and
compliance) cues® derived from the corneal basement membrane (BM), into the surface
of artificial corneas may promote human corneal epithelial cell (HCEC) behaviors that
support re-epithelialization and tissue regeneration, minimizing complications such as
extrusion, infection and epithelial down-growth®® of current corneal prostheses.

Previous research from our laboratory has quantified the topography of the corneal
BM®, and demonstrated that the scale of the topography modulates adhesion’, contact
guidance®®, migration®® and proliferation'! in HCECs. In addition, HCECs cultured in
serum-free media exhibited alterations in the response to topographic cues when the
features transitioned between the nano and micron scale, such as cells aligning parallel to
microscale ridges, but perpendicular to nanoscale ridges®*?**. These results demonstrate
that topographic cues of relevant nano and submicron size should be considered and

incorporated in the design criterion for a synthetic BM, and suggest the synergistic
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influence of several factors including topographic cues, the adsorbed protein layer, and
soluble factors. However, the nonspecific adsorption of proteins on the rigid substrates
utilized in these experiments precludes specific knowledge of the surface chemistry,
thereby complicating the potential isolation of the specific cell substrate receptors
involved in the response to biophysical cues and the identification of downstream
signaling pathways responsible for the differential cell behaviors observed. A major
objective of our study is the development of soft substrates with controlled surface
chemistry that allow for the inhibition of non-specific protein adsorption, the provision
of well-defined cell-substrate adhesion motifs, and the simulation of the in vivo range of
topography™.

Poly(ethylene glycol) (PEG) hydrogels are excellent candidates as biomaterials
because of their potential for incorporating both biophysical and biochemical cues and
their prevention of non-specific protein adsorption, biocompatibility and FDA approval

16,17

for use in humans™"". PEG hydrogels can be synthesized using a variety of established

methods that allow for integration of ligands®® or co-polymerization with biodegradable

materials®?°,

In addition, topographic micron-scale features have been incorporated
into UV-polymerizable hydrogels using soft lithography?* and photolithography?*.

The adhesive peptide RGD (Arg-Gly-Asp) was used as the bioactive ligand to be
incorporated into PEG hydrogels. This sequence constitutes an important ligand for the
asPy integrin®®, which is a relevant receptor for the corneal epithelial cell adhesion to the

25-27

BM?* and the wound healing of the corneal epithelium This supports the use of
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RGD as a peptide to elicit specific adhesion responses in HCECs and decouple the
influence of surface biochemistry and topography on HCEC response.

Herein, we report the fabrication of PEGDA substrates that allow for the
simultaneous presentation of uniform biochemistry and biotopography to HCECs. The
purpose is to investigate whether the scale of topography on substrates with controlled
mechanisms of cell attachment differentially modulates cell behavior in the presence or
absence of other cues, including external soluble factors from the media. The results
from this study are important to our understanding of HCEC behavior in the presence of
multiple cues and will aid in the development of more biologically and clinically relevant

materials and systems.

3.2 Materials and methods

3.2.1 Synthesis of PEG diacrylate (PEGDA)

PEGDA pre-polymers of molecular weight 3400 g/mol (PEGDA 3400) and 8000
g/mol (PEGDA 8000) were synthesized according to previously published methods?.
Briefly, PEGDA was synthesized by combining 3 grams of vacuum-dried OH-terminated
PEG (Hampton Research, NJ) into 50 mL of anhydrous toluene (Acros Organics, NJ)
with 2X molar excess acryloyl chloride (Sigma-Aldrich, MD) and 2X molar excess
triethylamine (Sigma-Aldrich, NJ) with respect to the oligomer end-groups. The mixture
was incubated for four hours at 70° C in nitrogen. The resulting insoluble triethlyamine

salts in the solution were filtered and the PEGDA was precipitated in cold diethyl ether
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and dried for 48 hours. PEGDA was dialyzed using dialysis tubing for four hours with
three changes of Milli-Q H,O (Millipore). The lyophilized product was verified with *H
NMR spectrometry using a Bruker AC-300 instrument and matrix-assisted laser
desorption/ ionization time-of-flight (MALDI-TOF) mass spectrometry with a Bruker

Reflex Il instrument.

3.2.2 Measurement of the swelling ratio in unbound PEGDA hydrogels

Precursor solutions of various mass fractions (Table 3.1) were prepared by dissolving
either PEGDA 8000, PEGDA 3400 or PEGDA of molecular weight 700 g/mol (PEGDA
700) (Sigma-Aldrich, Japan) in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer at pH 8.0. 0.067% mass concentration (w/v) of Lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) was used as the photoinitiator. A 30 pL drop
of the precursor solution was placed on top of a degassed poly(dimethyl siloxane)
(PDMS, Sylgard® 184, Dow Corning, MI) surface using a 1 mm spacer in nitrogen
atmosphere. The precursor solution was then covered with another PDMS surface. The
hydrogels were polymerized under long wavelength UV light (364 nm for 900 s at 7.0
mW/cm?) and their weight was measured immediately (Wg, relaxed gel weight). Gels
were then soaked in DI water for 72 hour and their equilibrium swollen weight (Ws) was
measured after removing excess water by carefully wicking with a spatula. Gels were
frozen and lyophilized and their dry weight was measured (Wp). The relaxed swelling

ratio (Qr) (volume of swollen gel/volume of relaxed gel) was approximated as
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(1.1192 g/mL) and py, is the density of water (0.9982 g/mL) at 20° C.

3.2.3 Synthesis of ECM peptides

RGD peptide (Cys-Gly-Gly-Arg-Gly-Asp-Ser-Pro) synthesis was conducted in solid
phase on Fmoc-Rink Amide MBHA resin with Fmoc-protected a-amino groups using a
peptide synthesizer (CS Bio, Menlo Park, CA). To protect the Arg side chain, 2,2,5,7,8-
pentamethyl-chroman-6-sulfonyl was used. The resulting peptide molecules were cleaved
from the resin for four hours using a solution of TFA:TIS:water (95:2.5:2.5), filtered and
precipitated in diethyl ether. Each batch was analyzed by matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF) mass spectrometry (Bruker Reflex Il

time-of-flight mass spectrometer) and used without further purification.

3.2.4 Fabrication of substrates with topographic features

Precursor solutions of 20% (w/w) PEGDA were prepared by dissolving PEGDA
8000, PEGDA 3400 or PEGDA 700 in 10 mM HEPES buffer at pH 8.0. LAP with a
concentration of 0.067% (w/v) was used as the photoinitiator. RGD peptide was added to
the precursor solutions to reach a final concentrations of 10 mM. Topography was
incorporated into the hydrogel substrates using a replica-molding technique (Figure
3.1)29. In a nitrogen atmosphere, a 30uL drop of the precursor solution was placed on top
of a degassed PDMS stamp containing the desired topography with 0.5 mm PDMS

spacers. The precursor solution was then covered by a glass coverslip previously treated
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with 3-(trichlorosilyl) propyl methacrylate (TPM, Sigma-Aldrich, UK) to ensure
adhesion of the gels to the surface. The construct was polymerized under UV-light (364
nm for 900 s at 7.0 mW/cm?) and the PDMS stamps were peeled off, transferring the
pattern to the surface of the hydrogel. Hydrogel substrates were sterilized for 24 hours by
soaking in 5% isopropyl alcohol (IPA) in 1X phosphate buffered saline (PBS, pH 7.2),
rinsed for 24 hours in 1X PBS and pre-incubated for two hours in the appropriate cell
culture media for full equilibration.

For control substrates allowing non-specific protein adsorption, we molded a
photocrosslinkable mercapto-ester, Norland Optical Adhesive 81 (NOA-81, Norland
Products Inc, NJ) as described previously**. The substrates were sterilized for 24 hours
in 5% IPA in 1X PBS (pH 7.2), rinsed for 24 hours in 1X PBS and pre-incubated for two

hours in the appropriate cell culture media.

3.2.5 AFM imaging of molded hydrogels

Molded hydrogels containing topographic features were imaged by atomic force
microscopy (AFM), using a Nanoscope Illa Multimode scanning probe microscope
(Veeco Instruments Inc., CA). After hydration in PBS for at least 48 h at room
temperature, samples were scanned in a fluid cell in contact mode using a SNL-10 silicon

nitride cantilever with a silicon tip (Veeco Probes, CA).
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3.2.6 HCEC culture
HCECs were harvested from human cadaver corneas graciously provided by the
Lions Eye Bank of Wisconsin, Madison or the Missouri Lions Eye Bank (Columbia,
MO) as previously reported®. Cells from two to four corneas were centrifuged and re-

suspended in either epithelial medium (EP medium)®

or in Epilife® medium
(Invitrogen, CA) with a proprietary growth supplement (Epilife® Defined Growth
Supplement)*?. All HCECs were incubated at 37 °C and 5% CO, until they reached

approximately 70% confluence. HCECs were used between passages 1 and 4.

3.2.7 Immunocytochemistry

Cells were stained for actin-filaments and the nucleus for the measurement of cell
number as previously described™. Briefly, following incubation, cells were fixed with a
1% paraformaldehyde solution in PBS (Electron Microscopy Sciences, PA) at room
temperature for 20 minutes. Cells were then permeabilized with 0.1% (w/v) Triton X-100
(Sigma—Aldrich, MO) in 1X PBS for 7 minutes, and then exposed to 1% (w/v) bovine
serum albumin (Sigma—Aldrich, MO) in 1X PBS for 20 min to block non-specific
binding. Cells were then incubated with 5 pg/mL of TRITC—phalloidin (Sigma—Aldrich,
MO) containing 0.1 pg/mL 4°,6-Diamidino-2- phenylindole (DAPI) (Invitrogen, CA) in

1X PBS for 40 minutes, to label both filamentous actin (red), and the nucleus (blue).
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3.2.8 Analysis of cell elongation and alignment
Each experimental set consisted of groups encompassing three types of substrates:
substrates made with 10 mM RGD-hydrogel, substrates made with 10 mM scrambled
RDG-hydrogel as a negative control, and substrates made with NOA-81 as a fouling
control. Each group contained 3-5 samples. The substrates were molded with
topographic features containing six separate areas with different ridge/groove widths
(400, 800, 1200, 1600, 2000, 4000 nm pitch) and intervening planar control areas®.
HCECs were plated at a density of 10,000 cells/cm? in either EP medium or Epilife®,
cultured for 24 hours, fixed and stained. Images of fluorescently labelled cells on each
substrate were obtained using a 10X objective lens. On each topographic substrate at
least four images were taken of each pitch size and flat control areas present between
patterned areas. Image analysis was performed using AxioVision software (Zeiss, NY).
The cell elongation and angle of alignment were collected from the images and sorted
using parameters previously described by our group®®?.  Cells were deemed elongated
with elongation factors greater than 1.3 and calculated as previously described.’, A cell
was considered aligned parallel if the angle was less than 10° and perpendicular if the
angle was between 80° and 90°. Results represent the arithmetic mean percentage of the
aligned cells with respect to the total population. Each experiment was repeated in

triplicate.
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3.2.9 Statistics
Experimental data were analyzed using analysis of variance (ANOVA). When
variability was determined to be significant (a=0.05) the Bonferroni multiple comparison
test was used to determine significance between flat surfaces and topographic surfaces.
Significant results were further divided into “statistically significant” (0.01 <P <0.05, *),

“very significant” (0.001 <P <0.01, **), and “extremely significant” (P < 0.001, **%*).

3.3 Results

3.3.1 Hydrogels synthesized with 20% (w/w) PEGDA 3400 prevent non-specific cell
adhesion and retain nanoscale topography.

Hydrogels were synthesized through the free radical polymerization of PEGDA using
photoinitiators (Scheme 3.1). The general technique used to mold topographic features
into PEGDA hydrogels is depicted in Figure 3.1. A PDMS substrate containing the
topography (Figure 3.1A) is covered with a spacer and a drop of the precursor solution is
placed on top (Figure 3.1B). The precursor solution is covered with a glass coverslip
previously treated with TPM to ensure attachment of the gel to the glass surface (Figure
3.1C). The hydrogel is UV-photopolymerized and the PDMS stamp is removed (Figure
3.1D). The hydrogel is then soaked in the proper media (Figure 3.1F).

To evaluate the ability of the hydrogels to incorporate topographic features after
swelling, we first characterized the swelling behavior of hydrogels as a function of

molecular weight and concentration, using different precursor solutions (Table 3.1). Free
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floating hydrogels were synthesized, using the technique depicted in Figure 3.1. The
glass coverslip was substituted with a flat PDMS surface to ensure detachment of the
hydrogels. These unbound hydrogels were immediately weighed, soaked in distilled
water until equilibration, and subsequently weighed in the fully swollen state. The
relaxed swelling ratio (Qg), defined as the ratio of the volume at equilibrium swelling to
the volume at the relaxed state (after crosslinking, but before swelling), was calculated as
described in the methods section. Figure 3.2A shows Qg as a function of the
concentration and molecular weight of precursors. Hydrogels synthesized using PEGDA
8000 exhibited the highest Qg, ranging from 1.6 in P-8000/10 to 2.4 in P-8000/25.
Hydrogels made with PEGDA 3400 had a Qg ranging from 1 in P-3400/10 to 1.4 in P-
3400/25. PEGDA 700 hydrogels demonstrated low levels of swelling over the range of
concentrations tested. In summary: 1) swelling increased monotonically with increasing
molecular weight of PEGDA, and 2) swelling increased with increasing concentration of
the pre-polymer in the mixture.

To test the retention of topographic features after equilibrium swelling, hydrogels
containing 4000 nm pitch groove-and-ridges topography were synthesized following the
general technique shown in Figure 1. In spite of the low level of swelling obtained with
low polymer concentrations, hydrogels made with less than 20% (w/w) polymer failed to
replicate the topographic features (results not shown). Therefore, we selected the 20%
(w/w) hydrogels to image using atomic force microscopy (AFM). The distortion of
topographic features after swelling increased with increasing molecular weight. The

features on hydrogels molded using P-8000/20 no longer exhibit sharp edges and have a
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rounded appearance (see insert in Figure 3.2). Due to the large distortion of the
topography, PEGDA 8000 was not used in cell culture studies. In the same figure,
hydrogels P-700/20 and P-3400/20 can be appreciated to retain the molded features, thus
meeting the design objective criteria.

As mentioned in the previous chapter, the inhibition of non-specific HCEC
attachment was also dependent on the molecular weight of the PEGDA pre-polymer.
Hydrogels made with P-3400/20 provided the best balance of non-fouling properties and
retention of topographic features and were selected for the experiments using topographic

hydrogels functionalized with specific peptides.

3.3.2 Controlled chemical and topographic cues impact HCEC area, elongation ratio
and contact guidance differentially in serum-containing and serum-free media.

To test the influence of topography on the hydrogels, P-3400/20 hydrogels
functionalized with 10 mM RGD were synthesized and molded for cell culture
experiments. The topographic molds contained six separate areas with different
ridge/groove widths (400, 800, 1200, 1600, 2000 and 4000 nm pitch), and intervening
planar control areas™®. HCECs were plated onto these substrates, as well as rigid control
surfaces made with NOA-81 that allows non-specific cell-surface interactions. HCECs
were cultured in EP medium or serum-free Epilife®. The choice of media was motivated
by previous work from our group, where different media compositions have induced

12,13

alterations in the HCECs response to topographic cues . After 24 hours, cells were

fixed, stained and imaged. As an example of the differences in orientation, elongation
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and cell area that can be distinguished in HCECs on different substrates and media
compositions, we have included images of HCECs on the 4000 nm pitch topography in
Figure 3.3.

We analyzed and compared the area of the HCECs as a function of topographic
feature pitch and media type for each type of substrate (NOA-81, RGD or RDQG).
HCECs plated onto topographically patterned NOA-81 and cultured in Epilife®, had
decreased average area, between 57% and 86% compared to the area of cells plated on
flat surfaces (Figure 3.4A). Although there were no significant differences in cell area
between flat surfaces and 400 nm topography when cultured on RGD hydrogels in
Epilife®, HCECs on 800 nm pitch topographies were 61% smaller than cells on flat
surfaces, while cells plated on large-pitch topographies were 120% (1600 nm pitch) and
126% (2000-4000 nm pitch) larger than cells on flat surfaces (Figure 3.4B). Cells
cultured in EP medium did not show a significant difference in area between the flat
substrates and the topographic surfaces, regardless of the topographic dimensions or
substrate composition (Figure 3.4C and 3.4D). In summary, cells in Epilife® showed
more sensitivity to the underlying topographic features with regards to changes in cell
area than cells cultured on EP media for both substrate types.

The average elongation ratio was also compared as a function of topography and
media type for each substrate. In Epilife®, the average elongation ratio of cells cultured
on 1200-4000 nm pitch substrates increased 20% with respect to the elongation ratio of
cells on flat surfaces for both NOA-81 surfaces and hydrogels functionalized with RGD

(Fig 3.5A and 3.5B). In EP medium, cells cultured on small pitches (400-800 nm) on
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NOA-81 were significantly more elongated than HCECs on flat surfaces, however, the
elongation ratio of cells on topographies larger than 1200 nm was not significantly
different when compared to planar surfaces (Figure 3.5C). On RGD hydrogels in EP
medium, HCECs on topographic surfaces exhibited no difference in elongation compared
to cells cultured on flat surfaces (Figure 3.5D). In general, the spreading of HCECs
depended on the topographic feature size in Epilife®, but demonstrated a less pronounced
dependency on topography when cultured in EP media.

HCEC orientation and alignment with the underlying nano and micron scale
topography demonstrated the most noticeable difference in behavior between the two
medias used. HCECs presented a bimodal distribution, where cells align either parallel
or perpendicular to the topographic features. The proportion of cells in each population
varied with substrate and media type. Cells in Epilife® presented a significant and
preferential perpendicular alignment for both nano and micron-scale topographies on the
NOA-81 substrates (Figure 3.6A). In contrast, when EP medium was used with the
NOA-81 substrates, HCECs exhibited an obvious change in the response to the
topographic cues. Cells aligned preferentially parallel to the topography for both nano-
sized (400-800 nm) and micron-sized (4000 nm), while the distribution was more
uniform on the features transitioning from the nano to the micron-scale (1200-1600 nm).
On these substrates we can distinguish a “U” shape in the alignment profile (Figure
3.6C). HCECs cultured in either EP medium or Epilife® on RGD-hydrogel substrates

displayed a parallel alignment profile matching the aforementioned “U” shape (Figures
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3.6B and 3.6D). In conclusion, contact guidance was dependent on both the substrate

type and soluble factors within the culture media.

3.4 Discussion

Non-fouling PEGDA hydrogel substrates were developed to simultaneously present
biologically relevant biochemical and topographical cues to cells in a soft material. One
important aim of this work was to identify a soft moldable material that allows for the
retention of topographic features in the nano and micron-scale, and provides controlled
interactions of HCECs with specific ligands. These biomimetic characteristics can be
useful to induce cell behaviors that better approximate in vivo conditions and will be
essential for our future goal of developing an improved corneal prosthetic.

The Michael-type reaction was chosen for the incorporation of biochemistry into our
hydrogel because its rapid reaction times and lack of undesirable by-products®. This
technique is suitable for single molecules at low concentrations and short-time periods,
such as those required by our study. For studies requiring longer temporal stability, our
group is investigating other functionalization systems, such as the growth polymerization
of acrylated peptides with well-defined spacer length where multiple peptides can be used
at varied combinations and concentrations without change in the hydrogel properties®.

According to our results, low relaxed swelling ratios are required in order to retain
the nano and micro-scale topographic features on a hydrogel. The increase of the relaxed
swelling at increasing molecular weight of the oligomer is due to the reduced

crosslinking density, allowing for greater penetration of solvent. The swelling increased
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while increasing the concentration of PEGDA because the pre-polymer is already in a
solvated state, and the chemical potential of the PEG chains in the gel increases with
concentration, leading to the increased penetration of solvent to equilibrate®. The
molding of topographic features also depends on the crosslinking density of the
hydrogels, and at very low concentrations (< 15%), the hydrogels did not retain the
topographic features.

The different response in cell area and elongation ratio of HCECs on topographically
patterned nano and micron-scaled surfaces when different media is used further
demonstrates the effect of cytoactive soluble factors on the cellular response to the
topography and suggests that soluble factors control these parameters on the response to
topography more than protein adsorption. While HCECs cultured on NOA-81 surfaces
showed a completely different response to topography when different media was used,
cells cultured on RGD topographic surfaces showed a similar alignment profile,
regardless of the media. This suggests that the alignment behavior depends on two non
mutually-exclusive components: 1) protein adsorption from the media, which is inhibited
on the RGD functionalized PEG surfaces, 2) the presence of surface-bound RGD that has
a greater impact in the alignment response and overrides the influence of the soluble
factors. In addition, we noted that contact guidance of HCECs on NOA-81 differs from
previously reported studies of primary HCECs on silicon substrates'?>. HCECs cultured
in Epilife® on NOA-81 surfaces exhibited perpendicular alignment on all topographies
while on silicon substrates, cells preferentially aligned perpendicular to the topography

below micron-sized features and parallel on features larger than one micrometer. This
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disparity may be due to a difference in the profile of protein adsorption on silicon
compared to NOA-81, or to small differences on the horizontal and vertical scales of the

topographic features'®*3.

However, all of our results strengthen the argument that the
HCEC response to the topographic cues is controlled by the interplay between
topographic and soluble cues. The use of our functionalized hydrogel platform allows for
discerning between the contribution of topography on cell behavior, and the confounding
non-specific protein adsorption effect.

Differences in the media composition could potentially explain the alteration in the
response to nano and micron-scale topographic cues. Previous work from our laboratory
has demonstrated that the composition of the media regulates the topographic response of
HCECs™. However, until now, it has been difficult to dissociate the contribution of the
proteins adsorbing onto the surface from other soluble factors in the media. Through the
use of materials that inhibit protein adsorption yet promote cell attachment through
specific receptors, the influence of soluble constituents can be isolated. The alignment
behavior of HCECs was substantially less context-dependent when cells were cultured on
RGD-functionalized hydrogels, suggesting the influence of protein adsorption on contact
guidance for the NOA-81 surfaces. Although there may be some effects from protein
adsorption onto the hydrogel surfaces, we specifically selected a material that is resistant
to protein adsorption. We believe that the differential response observed in cell area and
elongation of HCECs when cultured in different media on RGD-functionalized hydrogel

surfaces is due mainly to the effect of soluble cues on the topographic response.
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Several differences between the two medias used could potentially explain the
alteration in response to nano and micron scale topographic cues'?: 1) The presence of
serum in EP medium, 2) a 10-fold increase in epidermal growth factor (EGF) in EP
medium with respect to Epilife®, and 3) a 10-fold increase in soluble Ca** in EP
medium. Future studies will elucidate the role of these factors in downstream signaling
that lead directly to changes in the orientation response to topography.

In summary, we fabricated non-fouling substrates that are moldable with
nanotopography and that can be functionalized with specific biochemical motifs to
promote HCEC attachment. Besides RGD, our topographic hydrogel substrates can
allow for the incorporation of different adhesive peptides found in fibronectin or laminin
that promote the binding and signaling of other receptors, such as syndecans or the ogf4
integrin, which have been established as key components in corneal epithelial wound

36,37

healing These substrates have the potential to mimic certain characteristics of the

ECM and improve in vitro and in vivo applications.

3.5 Conclusions

This study demonstrates that soft materials such as PEGDA hydrogels can be used to
engineer substrates incorporating relevant cellular cues, such as controlled biochemistry
and topography. The choice of PEGDA molecular weight and concentration has to be
balanced to minimize the deformation of the topographic features and inhibit non-specific
binding.  This study provides further evidence that nanoscale topography is a

fundamental biomimetic cue impacting cell phenotype, and not only an indirect effect
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due to the formation of chemical patterns through non-specific protein adsorption. In
addition, we successfully isolated the confounding influence of non-specific protein
adsorption onto the surfaces from other soluble factors to investigate the effect of nano
and microscale topography on HCEC behavior. The use of our hydrogel materials will
provide controlled biochemical and topographical cues to HCECs to form an intact
epithelial layer and improve corneal prosthetics, and can be used to investigate the

behavior of cells in vitro.



3.6 Figures

Hydrogel Names

Molecular weight of
PEGDA pre-polymer

Mass fraction

(w/w) in solution

P-700/10 700 g/mol 10%
P-700/15 700 g/mol 15%
P-700/20 700 g/mol 20%
P-700/25 700 g/mol 25%
P-700/40 700 g/mol 40%
P-3400/10 3400 g/mol 10%
P-3400/15 3400 g/mol 15%
P-3400/20 3400 g/mol 20%
P-3400/25 3400 g/mol 25%
P-8000/10 8000 g/mol 10%
P-8000/15 8000 g/mol 15%
P-8000/20 8000 g/mol 20%
P-8000/25 8000 g/mol 25%

88

Table 3.1: Molecular weight and mass fraction of the pre-polymer in the precursor

solutions
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Figure 3.1: Schematic representation of the technique used to mold PEGDA
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hydrogels with topographic features:

A) Degassed PDMS mold with topographic features. B) A drop of precursor solution is
placed on top of the PDMS mold. C) The precursor solution is covered with a glass
coverslip previously treated with TPM. D) The hydrogel is UV-polymerized. F) The

PDMS mold is removed. G) The hydrogel is soaked until it reaches equilibrium swelling.
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Figure 3.2: Increasing molecular weight increases the swelling response of PEGDA
hydrogels and decreases cell attachment.

Relaxed swelling ratio of PEGDA hydrogels with different molecular weight at different
macromer concentrations in the initial solution. Swelling ratio increases with increasing
molecular weight and increasing macromer concentration. No swelling is indicated by
the dashed line, where Qg = 1.0. Insert: AFM images of 4000 nm pitch topography

showing the deformation of the topographic features in hydrogels due to swelling.
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Figure 3.3.- HCECs cultured on 4000 nm pitch topography,

using NOA-81 surfaces showed an alignment perpendicular to the topographic features in
Epilife® medium, but perpendicular to the topography when cultured in EP medium. On
RGD-functionalized hydrogels, the alignment is parallel to the topographic features
regardless of media type. Arrows indicate the direction of the topographic features.

Scale bar: 100 pm.
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Figure 3.4.- HCECs in Epilife® on NOA-81 were significantly smaller on the
topographic surfaces than on flat surfaces,

while HCECs in Epilife® on RGD hydrogels showed an increasing size with increasing
topography. In EP medium, there was no significant difference for any type of substrate.
A) Cells in Epilife® on NOA-81, B) Cells in Epilife® on RGD hydrogels, C) Cells in EP
medium on NOA-81, D) Cells in EP medium on RGD hydrogels. Error bars: SEM (***

P <0.001; **0.001 <P <0.01; * 0.01 <P <0.05).
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Figure 3.5.- HCEC:s in Epilife® on large-pitch topographic features (1200-4000 nm)
showed a higher elongation ratio compared to flat surfaces on both types of
substrates,

NOA-81 and RGD hydrogels. HCECs in EP media showed no difference in elongation
ratio with respect to planar on topographic features greater than 1200 nm. A) Cells in
Epilife® on NOA-81, B) Cells in Epilife® on RGD hydrogels, C) Cells in EP medium on
NOA-81, D) Cells in EP medium on RGD hydrogels. Error bars: SEM (*** P < 0.001;

**0.001 <P<0.01; *0.01 <P <0.05).
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HCECs on NOA-81 surfaces showed an alignment behavior
fundamentally different for the different media types.

Figure 3.6.-

HCECs on RGD substrates showed the same alignment behavior for both media types.

A) Cells in Epilife® on NOA-81, B) Cells in Epilife® on RGD hydrogels, C) Cells in EP

medium on NOA-81, D) Cells in EP medium on RGD hydrogels. Error bars: SEM (***

<0.05).

*0.01 <P<0.05

b

**0.001 <P<0.01;

b

P <0.001;
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CHAPTER 4: THE MIGRATION OF THE BORDER OF CORNEAL
EPITHELIAL WOUNDS IS INFLUENCED BY THE TOPOGRAPHY OF THE

SUBSTRATE.

4.1. Introduction

Worldwide, the insufficient supply of corneal donor tissue' motivates the use of
artificial corneas as a therapy for corneal disorders that cause visual impairment?>. The
artificial corneas currently available focus mainly on the replacement and biointegration
of the device into the stromal component, with less emphasis on the epithelial portion.
Due to the exclusive effort on the stromal integration, problems including epithelial
downgrowth?®, infection* and extrusion due to stromal melting have been demonstrated to
occur. It has been suggested that in order to reduce the aforementioned problems, the
ideal artificial cornea should support the normal processes that allow the formation and
maintenance of a stratified epithelium over the implant®. We hypothesize that the
incorporation of biochemical and biophysical cues that have been characterized and
quantified from the corneal epithelial basement membrane may promote wound healing

and the formation of a fully functional anterior corneal epithelium.

The wound healing of the epithelium of the cornea is a highly organized series of
events, where the basement membrane has many functions to help maintain a normal
stratified epithelium”™2.  There are several phases during the corneal epithelial wound

healing process, including a lag phase (between wounding and initiation of cell
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migration) where cells alter their metabolic status; a migration phase to cover the bare
surface; a proliferation phase and a differentiation phase, where cells stratify and re-

establish a differentiated multi-layer of cells®!**3.

In addition to morphological and
behavioral alterations, specific signaling components involved in the reformation of the
BM have been reported. Several molecules have been shown to be upregulated in
corneal epithelial cells when wounded, including fibronectin'*, collagen®, and laminin-
332 (LN332)'. These molecules all serve as potential markers to determine whether
biophysical and biochemical cues influence the wound healing process.

Previous research from our group as well as others has demonstrated that mimicking
chemical and physical aspects of the basement membrane (BM) of the cornea’’
influenced behaviors essential to the wound healing process in the corneal epithelium,
such as adhesion'®, proliferation’® and migration®®. These behaviors suggest that
topography will have an effect on important phases of the corneal epithelial wound
process, translating into an improved rate of wound healing, stratification and
maintenance of a healthy epithelium.

Our approach is the use topographically and biochemically controlled poly(ethylene
glycol) diacrylate (PEGDA) hydrogel substrates as an artificial BM to improve the
wound healing and sustainment of a corneal epithelium. Topographically-molded
PEGDA hydrogels functionalized with the adhesive peptide RGD, a sequence found in
BM components when the corneal epithelium is wounded, such as fibronectin and
collagen®*, have been demonstrated to provide specific biochemical and biophysical cues

inspired by the BM to human corneal epithelial cells (HCECs)®.
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4.2. Materials and methods

4.2.1. Fabrication of biochemically functionalized PEGDA hydrogel substrates with
topographic features

Precursor solutions of 20% (w/w) PEGDA were prepared by dissolving PEGDA 3400
in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer at pH 8.0,
with 0.067% (w/v) Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as the
photoinitiator. RGD peptide (Cys-Gly-Gly-Arg-Gly-Asp-Ser-Pro) (UW-Madison
Biotechnology Center, WI) was added to the precursor solutions to reach a final
concentration of 10 mM. The hydrogel substrates were molded with groove-and-ridges
with topographic features of different ranges (400 nm, 1400 nm and 4000 nm pitch) or
with flat surfaces using a replica-molding technique, as previously reported®®. Briefly, in
a nitrogen atmosphere, a 30ulL drop of the precursor solution was placed on top of a
degassed PDMS stamp containing the desired topography with 0.5 mm PDMS spacers.
The precursor solution was then covered by a glass coverslip previously treated with 3-
(trichlorosilyl) propyl methacrylate (TPM, Sigma-Aldrich, UK) to ensure adhesion of the
gels to the surface. The construct was polymerized under UV-light (364 nm for 900 s at
7.0 mW/cm?) and the PDMS stamps were peeled off, transferring the pattern to the
surface of the hydrogel. Hydrogel substrates were sterilized for 24 hours by soaking in

5% isopropyl alcohol (IPA) in 1X phosphate buffered saline (PBS, pH 7.2), rinsed for 24
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hours in 1X PBS and pre-incubated for two hours in cell culture media for full

equilibration.

4.2.2. AFM imaging of molded hydrogels

To ensure the incorporation of topographic cues, molded hydrogels containing
topographic features were imaged by atomic force microscopy (AFM), using a
Nanoscope Illa Multimode scanning probe microscope (Veeco Instruments Inc., CA).
Samples were hydrated in 1X PBS for at least 48 h at room temperature, and scanned in a
fluid cell in contact mode using a SNL-10 silicon nitride cantilever with a silicon tip

(Veeco Probes, CA).

4.2.3. HCEC culture

HCECs were harvested from human cadaver corneas graciously provided by the
Lions Eye Bank of Wisconsin, Madison or the Missouri Lions Eye Bank (Columbia,
MO) as previously reported®. Cells from two to four corneas were centrifuged and re-
suspended in epithelial medium (EP medium). EP medium is composed of a 3:2 ratio of
Ham’s F12:Dulbeco’s Modified Eagles medium (DMEM) (Invitrogen, CA),
supplemented with 2.5% (v/v) fetal bovine serum (FBS), 0.4 ng/mL hydrocortisone, 8.4
ng/mL cholera toxin, 5 pg/mL insulin, 24 pg/IM adenine, 10 ng/mL epidermal growth
factor, 100 units penicillin and 100 pg/mL streptomycin®. All HCECs were incubated

on plates seeded with a feeder layer of mytomycin-treated swiss mouse 3T3 fibroblasts at
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37 °C and 5% CO; until they reached approximately 70% confluence. HCECs were used

between passages 1 and 4.

4.2.4 Wound healing assay.

HCECs at 60-70% confluence were exposed to 0.01% EDTA in 1X PBS for 1 minute
to allow detachment of feeder cells. For the live fluorescence staining, cells were
incubated with a 6 puM live dye solution of CellTracker green CMFDA (5-
Chloromethylfluorescein diacetate, Life Technologies, NY) in Dulbecco’s Modified
Eagle Medium (DMEM) for 45 minutes at 37 °C and 5% CO; as recommended by the
manufacturer. The dye solution was then replaced with fresh EP medium, and cells were
incubated for another 45 minutes at 37 °C and 5% CO,. After live staining, cells were
harvested using 0.025% Trypsin/0.01% EDTA, centrifuged and resuspended in EP
medium, and plated at a density of 150,000 cells/cm? on hydrogel surfaces around a 5
mm diameter cloning cylinder to act as an ‘exclusion zone’ (figure 4.1). After incubation
for 24 h, the cloning cylinders were removed and the fluorescently labeled cells on the
hydrogel samples were imaged at 0 h, 24 h, 48 h and 72 h using a Stemi SV11 dissecting
microscope (Zeiss, NY) with a 1.2X objective lens. The area of the wound was measured

using Axio Vision software (Zeiss, NY). The size of the wound was defined as the radius

(R) of the circle of the measured area (A), using the equation: , and the
wound closure was defined as the difference of the radius from the radius of the starting
point (AR=Rp — R). From the wound closure data, a linear regression was performed,

and the slope was reported as the wound healing rate in mm/hour. An experimental set
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consisted of at least four replicates of each hydrogel substrate. Each experimental set

was repeated in triplicate.

4.2.5. Proliferation assay

The assessment of cell proliferation was measured through the incorporation of 5-
ethynyl-2’-deoxyuridine (EdU) with the Click-iT EdU Cell Proliferation Assay Kit
(Invitrogen, CA). HCECs were plated using the wound healing method described above.
For the starting time point, cells were incubated in 10 uM EdU for 12 hours before
removal of the cloning cylinders. For subsequent time points (12 h, 24 h and 36 h), the
cloning cylinders were removed and HCECs were incubated for 12 hours in 10 uM EdU
prior to the corresponding time point. At each corresponding time point, cells were fixed
and permeabilized and the EdU was stained according to the manufacturer’s protocol.
The nuclei of cells that replicated in the 12 hour period of incubation with EdU were
labeled in red. Cells were then stained with 0.1 pg/mL 4’,6-Diamidino-2- phenylindole
(DAPI) (Invitrogen, CA) in 1X PBS for 30 minutes, to label the nucleus of non-
proliferating cells (blue).

The proportion of proliferating cells was determined by fluorescence microscopy.
The cells that incorporated EdU into their DNA (proliferating cells) were counted, as well
as non-proliferating cells. The results show the percentage of cells that incorporated EAU
in the 12-hour incubation period with respect to the total number of cells. The area of the

confluent layer was measured, and the cell density was reported as the total number of
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cells/area. At least three images were analyzed for each topography in each experiment,

and the experiments were repeated in triplicate.

4.2.6. Immunocytochemistry and analysis of LN332 expression and location

For the purpose of evaluating the migratory status of cells upon epithelial wounding,
we analyzed the expression and location of LN332 in HCECs. Following each time
point, cells were fixed with a 1% paraformaldehyde solution in 1X PBS at room
temperature for 20 minutes. Cells were then permeabilized with 0.1% (w/v) Triton X-100
(Sigma—Aldrich, St Louis, MO) in 1X PBS for 7 minutes, followed by exposure to a
solution of 1% (w/v) bovine serum albumin (Sigma—Aldrich, St Louis, MO) and 1% goat
serum (Sigma—Aldrich, St Louis, MO) in 1X PBS for 20 min to block non-specific
binding. Cells were then incubated with 5 pg/mL of mouse anti-laminin-5 IgG clone
P3H9-2 (Millipore, MA) for 1 hour, rinsed in 1X PBS and incubated in 2 pg/mL of
AlexaFluor 488 labeled goat anti-mouse 1gG (Invitrogen, CA) for 1 hour to label laminin-
5 (green). Cells were rinsed with 1X PBS and incubated in 0.1 pg/mL DAPI in 1X PBS
for 30 minutes, to label the nucleus (blue). To demonstrate the specificity of the staining,
experiments with secondary antibody alone served as the negative control. Images of
fluorescently stained cells on the corneal epithelial edge of the wound were obtained for
each substrate using a 10X objective lens. On each topographic substrate at least four
images were taken. Image analysis was performed using AxioVision software (Zeiss,
NY). The border of the wound was defined as the area 50 um thick from the edge of the

wound. The fluorescence density of that area was measured and divided by the number
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of cells in that area. This was normalized to the fluorescence level per cell of the flat
surface at the starting time point to obtain the relative expression of laminin-5 per cell in
the wound border. At least three substrates for each topography were analyzed for each

experiment, and experiments were repeated in triplicate.

4.2.7. Real time-Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from three replicates for each topographic substrate (flat,
400 nm, 1400 nm and 4000 nm pitch) at 0, 12, 24 and 36 hours following the Qiagen
RNeasy Kit protocol (Qiagen, Germantown, MD). Briefly, cells were lysed in 350 pl
Qiagen RLT buffer containing 10 ul/ml of 2-mercaptoethanol (Sigma-Aldrich, St Louis,
MO). An equal amount of 70% ethanol was added to each sample, and mixed prior to
loading onto Quiagen H-Bind columns. Colums were washed with Qiagen buffers RwW1
and RPE and eluted with 30 pL of nuclease-free water. Sample concentrations were
measured at OD 260 for total RNA using a NanoDrop 2000 spectrophotometer (Thermo
Scientific, Wilmington, DE). The concentration of RNA was calculated using the
equation: C=(A*g)/b where C is the nucleic acid concentration (ng/uL), A is the
absorbance at 260 nm, ¢ is the extinction coefficient (40 ng-cm/uL for RNA) and b is the
path length in cm. Samples were further diluted with nuclease-free water to a
concentration of 75 ng/mL and stored at -20 °C.

Primers and probes were purchased from the pre-developed TagMan assay reagents
(PE Applied Biosystems, Carlsbad, CA). The reference numbers for the products are

Laminin-a3: Hs00165042-m1 and Laminin-y2: Hs01043711-m1. Gene expression
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levels were normalized to 18S RNA (reference number Hs99999901-s1). RT-PCR was
performed using TagMan one-step Master Mix reagents (PE Applied Biosystems,
Carlsbad, CA). The reaction mixture contained SpuL of TagMan 2X-Universal PCR
Master Mix, 0.25uL of 40X Multiscribe and RNase inhibitor mix, 3.25 pL of nuclease
free water, 0.5 pL of the primers mixture, and 1puL of the samples containing 75ng/mL
total RNA, for a total of 10 puL reaction volume per sample. The mixtures were added to
MicroAmp Fast Optical 48-well reaction plates (PE Applied Biosystems, Carlsbad, CA)
and centrifuged at 1000 rpm for 1 min. The real-time PCR was completed on a StepOne
RT-PCR system (Applied Biosystems, Carlsbad, CA). Reaction conditions were as
follows: 50°C for 20 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1
min. The relative quantification of gene expression was performed using the AACy
method® using the StepOne Real-Time PCR software (Applied Biosystems, Carlsbad,

CA). Blank controls were run to ensure the specificity of the amplifications.

4.2.8. Statistics

Experimental data were analyzed using analysis of variance (ANOVA). When
variability was determined to be significant (¢=0.05) the Bonferroni multiple comparison
test was used to determine significance between flat surfaces and topographic surfaces.
Significant results were further divided into “statistically significant” (0.01 <P <0.05, *),

“very significant” (0.001 <P <0.01, **), and “extremely significant” (P <0.001, ***).
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4.3. Results

4.3.1. Molding of topographic features

To ensure the incorporation of topographic cues onto the substrates, PEG hydrogels
functionalized with RGD peptide were fabricated by soft lithography using nano- and
micro-patterned PDMS molds. The precursor solution consisted of a mixture of PEGDA
previously reacted with a cysteine-ended peptide and photoinitiator. The hydrogels were
syntesized with the presence of a UV source, creating a crosslinked network that retained
the anisotropic ridge and groove pattern of the stamp, as exhibited with the AFM images
in figure 4.2. The pitches used in our experiments were 400 nm, 1400 nm and 4000 nm,

and the depth of the grooves ranged from 200 nm to 400.

4.3.2. The presence of topography improves the in vitro wound healing.

Fluorescently stained HCECs were cultured to confluence on hydrogel substrates
functionalized with RGD peptide, using a 5 mm diameter cloning cylinder as an
‘exclusion zone’. After 24 h, the cylinder was removed; creating a wound that was
imaged at 0 h, 24 h, 48 h, 72 h and 96 h. The area of each wound at every time point was
measured, and the wound advance rate was quantified as described above. The closure of
the wounds is shown in figure 4.3, where we observed increased wound closure at earlier
time points on the topographic surfaces, compared to the flat surfaces. Compared with
flat surfaces with the same chemical characteristics, hydrogel substrates molded with

topography (400 nm, 1400 nm and 4000 nm pitch) demonstrated significant increases in
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the wound advance, starting after 24 hours of wounding, that was maintained up to 96
hours (figure 4.4A). The wound healing rate in all the topographic substrates was
significantly increased compared to the flat substrates (p < 0.001), at 52%, 62% and 43%
faster in the 400 nm, 1400 nm and 4000 nm pitch substrates respectively (figure 4.4B).
Interestingly, we observed that although single cells usually present contact guidance to
the topographic features, the wound border does not appear to have a preferential
direction of closure. Based on this observation, we analyzed the cell alignment on the
border of the wound at higher magnification (10X, figure 4.5). In topographic substrates,
the isolated cells away from the wound border aligned to the topography, but cells

contained within the border of the wound do not exhibit any alignment.

4.3.3. There is no significant difference in proliferation or spreading between the flat
surfaces and the topographic substrates

Proliferation assays were performed on in vitro wounds by observing the
incorporation of EdU into the DNA of replicating cells. After incubation in EdU for 12
hours, cells were fixed, EAU was labeled in red for proliferating cells and cell nuclei of
non-proliferating cells were stained using DAPI (blue). The wound edge was then
imaged. An example image is shown in figure 4.6A, where no qualitative differences
between cells on topography vs. planar surfaces were observed. To verify, proliferating
cells were counted, as well as non-proliferating cells. The percentage of proliferating
cells was calculated at 0 h, 12 h, 24 h and 36 h for each one of the topographic substrates.

Figure 4.6B shows the quantitative results, where a significant difference in proliferation
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between different time points can be observed. However, there is no difference as a
result of the topography. Cell density was also calculated by dividing the total number of
cells on the surface by the area they covered. Again, in figure 4.6C, we observe
significant differences in cell density between the time points, but no difference between
the topographies. Upon closer examination of the images shown in Figure 4.6A, we
noted that the cells on the edge of the wound are not proliferating, while their nuclei
appear to be larger. This observation motivated the investigation of cell migration on the

wound border.

4.3.4. Topographic features alter the expression of LN332 in the wound border,
suggesting increased migration.

In vitro wound assays were performed using the previously described protocol. Cells
were fixed at 0 h, 12 h, 24 h and 48 h after wounding and immunolabeling for LN332.
Images of the wound border were performed using fluorescence microscopy.
Representative images of the wound border are shown in figure 4.7. An increased
expression of LN332 can be observed for the 48 h time point on all topographic
substrates, as well as LN332 tracks following the cell migration path. The fluorescence
of the area 50 pm next to the wound edge was measured, and the number of cells in that
area was counted. Figure 4.8 shows the relative fluorescence per cell in the wound
border. Compared to the flat surfaces, a very significant increase in the relative
expression of LN332 per cell on the wound edge of topographic substrates can be clearly

observed after 12 hours (66% for 400 nm, 83% for 1400 nm and 71% for 4000 nm); and
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after 24 hours (142% for 400 nm, 129% for 1400 nm and 147% for 4000 nm). The
relative expression/cell of LN333 on the flat substrates appears to remain constant

throughout the experiment.

4.3.5. In flat surfaces, the overall RNA expression of LN332 subunits is increased with
respect to topographic substrates

RT-PCR was performed on the entire population of HCECs for the a3 and the y2
subunits of LN332 at 0 h, 12 h, 24 h and 48 h after wounding. The results of the relative
expression of these LN332 subunits are shown in figure 4.9. For the flat substrates, we
observed an increased expression of 3.3-fold for the a3 subunit and of 2.3-fold for the y2
subunit during the first 24 hours. After this period the expression of both subunits
returned to basal levels. The topographic substrates also presented a modest increase in
expression of the subunits on the first 24 hours; however, the RNA expression of LN332
on the flat surfaces was significantly higher than in the topographic substrates for every

time point.

4.4. Discussion

The healing and renewal of the corneal epithelium is a complex process highly
dependent on a balance of cell behaviors, such as adhesion®, proliferation,
differentiation®®, migration” and cell death®”. Those behaviors are regulated by an
intricate coordination of signals that originate from the cellular environment, including

cell-cell communication, soluble molecules, and interactions with the ECM®. Our group
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has demonstrated that a subset of those cues, inspired from the topographic
characterization of the ECM'', unequivocally influence the wound healing related

behaviors'®?°

. Based on our results, we hypothesize that the incorporation of topography
onto artificial corneas may improve the formation and maintenance of a corneal
epithelium. Other groups have also demonstrated the influence of topography in wound
healing, as published by Parkinson, et. al. , where the size of nano-pores on aluminum
oxide membranes influenced the rate of cell proliferation and migration in vitro?’ of
another epithelial cell type, keratinocytes. In addition, the use of topographical
membranes as dressings lead to less granulation tissue and a more mature epidermal layer
in skin than control standard burn dressings in vivo®.

Our results provide additional evidence that biophysical cues are essential, and that
the topography of the surface effectively improves corneal epidermal wound healing.
Although we anticipated a preferred directionality of the migration of the wound border
parallel to the topographic features, the wound closure was mostly uniform. Previous
research on topographic cues and cell migration conducted by our laboratory showed that
single cells plated on SiO, topographic substrates migrated along the topography?.
Colonies of cells also presented a preferential dispersion along the topographic features,
although this effect is small, and migration perpendicular to the topography was always
present®®. Recent unpublished work conducted on PEGDA hydrogels also demonstrates
less contact guided migration in epidermal confluent sheets compared to single cell

29,30

studies These results suggest that, upon wounding, epithelial cells in a confluent
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sheet respond to the presence of topographic cues, but do not exhibit the same degree of
contact guided migration as single cells.

To elucidate the mechanisms leading to the increased wound closure when cells are in
contact with topography, we investigated possible changes in proliferation, cell spreading
and migration. The observation on the uniform cell-spreading on all the surfaces is
consistent with previous reported results, using the same type of substrates and media
compared to this work??. However, the constant proliferation of HCECs across our
substrates is an unexpected result, because we have previously reported that the
proliferation of an immortalized cell line (SV40-HCECs), as well as primary cells
decreased in response to decreasing topographic features'®. One potential explanation for
this disagreement is the difference in experimental settings. In experiments using single
cells, the topographic response is due exclusively to the influence of cell-substrate; while
on sheets of cells the response is affected by the cell-substrate interactions, as well as the
influence of other cells via cell-cell communication.

We also investigated the expression of LN332 on the wound border. LN332 is a
major component in the corneal BM’ that has been used as a migration marker *:. The
increased expression of intracellular LN332 in the wound border for topographic
substrates suggests an enhanced rate of migration. However, this result contradicts the
observation of the data generated by our RT-PCR experiments, where the overall RNA
expression of both a3 and the y2 subunits of LN332 on flat surfaces were significantly
higher than in the topographic substrates. This apparent discrepancy can be explained by

the dual function of LN332. LN332 can act both as a promoter of cell adhesion or
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migration, depending on the status and processing stage of the molecule’. Human LN332
is initially synthesized as a protein containing a 190 kDa a3 chain, a 135 kDa B3 chain
and a 150 kDa y2 chain®. The molecule increases its adhesive activity upon cleavage of
the a3 subunit to the 160 kDa isoform®. This mature form of LN332 supports the
formation of hemidesmosomes, linking the ECM with the keratin cytoskeleton, via the

4338 " The mature LN332 can also support the formation of focal adhesions,

integrin a6
binding to the integrin a3B1 , which links the ECM to the actin cytoskeleton®’. The
deposition of LN332 occurs on the rear of the cells, in a trail that follows the path of
migration®. However, under pathological conditions, such as epidermal wounding, the
v2 subunit is cleaved to an isoform of 105 kDa, which increases cell motility and
decreases cell adhesion®. The isoform containing the cleaved y2 subunit is unable to
assemble in the ECM™, and this molecule works as a motility-inducing soluble factor*'.
It has been suggested that this motility is triggered by the binding of the cleaved y2
subunit to the epidermal growth factor receptor (EGFR)*. Although the mechanism is
not completely understood, it is believed that bone morphogenetic protein 1 (BMP-1) and
mammalian tolloid metalloproteinase (mTLD) are responsible for the processing of the
v2 chain®*,

Thus the observed LN332 expression is consistent with a model originally proposed
for the regulation of tumor cell migration®%: Epithelial cells on planar surfaces interpret
the lack of topographic cues as the absence of BM, and initiate expression and secretion

of LN332 that is rapidly deposited under the cells as a means to create their own BM, a

process which will inhibit cell migration. Cells on topographic substrates sense the
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topography as the presence of BM and proceed to migrate and close the wound. HCECs
on topographic substrates do not express much LN332 except on the wound border,
where cells express and post-process the y2-cleaved form of LN332, enhancing the
migration of the cells, and polarizing the cells to move towards the center of the wound.
This hypothesis is consistent with research performed by our laboratory, demonstrating
that ECM proteins are uniformly downregulated on topographic substrates compared to
planar controls®.

In summary, we fabricated substrates with biomimetic characteristics of the BM of
the cornea that enhanced the closure of epithelial wounds in vitro. These substrates can
be incorporated into currently used keratoprosthesis to induce epithelialization and
improve their outcomes. Future studies will further explore the role of important BM
components, such as LN332, and the incorporation of our hydrogel platform onto

artificial corneas for in vivo experiments, using animal models.

4.5. Conclusions

This study demonstrates that nano- and micro-scale topography is a fundamental
parameter to be included in the engineering of biomimetic materials. Substrates made
with PEGDA hydrogels functionalized with molecules that induce specific interactions
with the HCECs showed improved rates of healing when topographic features were
present. We determined that the enhanced rate of wound closure is due to increased

migration of the wound border towards the center. In addition, we elucidated some
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possible mechanisms of the cellular response upon wounding in the presence of

topography involving the expression and processing of BM molecules.



4.6. Figures

Subsiraie
20% PEGDA 3400
10 mM RGD

Figure 4.1.- Wound healing assay for the testing of topographic substrates.
A) The bottom of a culture dish is covered with the PEGDA substrates, containing topography. A cloning cylinder is placed on

top to act as an exclusion zone. B) HCECs are cultured on the substrates, until confluent. C) The cloning cylinder is removed,

creating a wound.
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Figure 4.2.- AFM images of equilibrium-hydrated hydrogels,

showing the molding of the topographic features of 400 nm, 1400 nm and 4000 nm pitch.
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Figure 4.3.- Closure of the wounds on control flat surfaces, and on topographies of 400 nm,
1400 nm and 4000 nm pitch after 24 h, 48 h and 72 h.

Increased wound closures can be appreciated on topographic substrates. The arrows show the
direction of the topographic features (grooves and ridges). The edge of the wound is marked by

red dots. The closure of the wounds does not appear to be contact guided. Scale bar: 2 mm
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Figure 4.4.- The wound closure is increased on topographic substrates, compared to planar
surfaces.

A) The wound advanced on topography faster than on flat surfaces, starting 24 hours after
wounding. B) The wound closure rate is approximately 50% faster on topographic substrates.

Error bars: SEM (*** p <0.001; ** 0.001 <p <0.01; * 0.01 <p <0.05).
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Figure 4.5.- Close up image (10X) of the wound border on 4000 nm pitch, 48 hours after
wounding.

On single cells detached from the wound border, elongation and alignment of the cells can be
observed (arrow). No contact guidance was observed for cells on the border of the wound

(arrowhead).
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Figure 4.6.- EdU proliferation assay.
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A) Images of the wound border on the different substrates. Cells proliferating are stained in red.

Cells not proliferating are stained in blue. B) The percentage of proliferating cells at each time

point is not significantly different for any of the substrates used. Proliferation is uniformly

reduced after 36 hours. C) Cell density is not significantly different at each time point for our

substrates. Error bars: SEM.
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Figure 4.7.- Images of the wound border at 0, 12 h, 24 h and 48 h with LN332 stained in
green.

Cell nuclei are stained in blue. The increase in expression on the border of the wound is
apparent for the topographic features after 48 hours. Deposition of LN332 following the cellular

track of migration can be clearly observed for 1400 nm at the 48 h timepoint.
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Figure 4.8.- Relative expression per cell of LN332 on the wound border.
After 12 h, cells on the wound border on topographic features presented an increased expression
1.5-fold vs. cells on flat surfaces. After 24 hours, the increased expression on topography was 2-

fold. Error bars: SEM (*** p <0.001).
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Figure 4.9.- RNA expression of LN332 subunits for the entire population of cells.

A) Expression profile for the LN332 a3 chain. B) Expression profile for the LN332 y2 chain.
LN332 chains have an increase of expression on flat surfaces after 12 hours, and return to base
level after 48 hours. The expression of LN332 subunits on topographic surfaces is

downregulated with respect to flat substrates at every time point.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK

5.1 Significance of results

The focus of this dissertation has involved the design and engineering of a synthetic
basement membrane (BM) with biomimetic characteristics inspired by the native BM of the
cornea. Throughout our research, we developed soft materials capable of presenting uniform and
controllable biochemical and biophysical motifs to the cells, based on moldable and
functionalizable poly(ethylene glycol) diacrylate (PEGDA) hydrogels. We demonstrated that
our PEGDA hydrogels interact with the cells through the binding of specific cellular receptors.
Through the use of these materials we were able to distinguish the contribution of the topography
on human corneal epithelial cell (HCEC) behavior from the confounding nonspecific protein
adsorption effect. In addition, we provided further evidence that nanoscale topography is a
fundamental cue impacting the cell phenotype. Our substrates also allowed us to investigate the
influence of cytoactive soluble factors in the media on the cellular response to topography.

In addition, we progressed from single cell studies to the study of the full epithelial tissue
response to topographic cues. To explore this, we developed an in vitro wound healing protocol
for testing of our soft substrates as an artificial BM mimic, and demonstrated that the topography
of the substrate contributes to the wound healing of the corneal epithelium. We selected several
cellular behaviors essential to the wound healing of the cornea, including proliferation, spreading
and migration, to determine how the topography contributes to the observed enhanced healing
rate. We also identified the migration of the cells next to the wound edge as the most affected

observable factor. Upon observation of the increased expression of laminin-332 (LN332) in the
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wound border on topographic features, we investigated the total RNA expression of this
particular marker. Interestingly, the overall expression of LN332 is significantly increased on
flat substrates compared to topographic surfaces during the epithelial healing process. Our
results led us to suggest a model where cells interpret the flatness of the substrate as the absence
of BM, resulting in the HCEC overexpression and deposition of BM components, such as
LN332; while cells on topographic surfaces concentrate their efforts in enhancing the migration
and closure of the wound border by expressing the soluble and migration-inducing form of
LN332.

All these results are important for the advancement towards the use of a biomimetic artificial
basement membrane of the cornea to promote the formation and maintenance of a healthy
corneal epithelium. These results also provide a foundation from which future studies can be
developed, such as the evaluation of the conditions needed for the epithelialization of artificial

substrates, and the incorporation of those features into artificial corneas.

5.2 Future work

5.2.1 Use of isotropic topography in would healing assays

Previous results from our group demonstrated that single cells presented epithelial contact
guidance on topographic substrates®, and migration along the patterns in anisotropic
topographies’. However, our recent results show that cells migrating on the border of an
epithelial sheet at the edge of the wound do not advance preferentially in the direction of the

topography, suggesting that full tissues respond to the presence of topographic cues rather than
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being guided by the contact with the topography. Despite this observation, to test the cellular
response to isotropic topographies, we developed an easy protocol to fabricate isotropic
topography using a modified nanosphere lithographic method®, described in Appendix A. This
method allows the rapid fabrication of isotropic topography with varied sizes, depending on the
diameter of the polystyrene spheres used. Images of a sample of the resulting substrates, with
topography in the range between 190 nm and 2000 nm are shown in Figure 5.1. We performed
preliminary wound healing tests as described in Chapter 4 using those substrates, and analyzed
the results. We observed the same trend as in anisotropic substrates, where the wound closure on
topographic substrates is increased with respect to the flat surfaces (Figure 5.2), strengthening

the evidence that topographic cues enhance corneal epithelial wound healing.

5.2.2 Use of synergistic peptides
Our investigation involved the use of the integrin-specific RGD peptide, which is found in
important extracellular matrix (ECM) components in the corneal BM, such as fibronectin,

%12 to induce cell attachment to our substrates.

laminin, collagen, vitronectin or fibrinogen
However, our laboratory has investigated other ECM peptides that are present on the basement
membrane and play a role in behaviors relevant to the wound healing of the corneal epithelium’.
Our goal is to find the minimal combination of peptides that can provide the coverage and
maintenance of the epithelium before HCECs produce their own BM. Some examples are the
syndecan 1 and 4-binding peptide AG73 (Arg-Lys-Arg-Leu-GlIn-Val-GIn-Leu-Ser-lle-Arg-Thr),

13,14

a sequence that contributes to cell differentiation and act synergistically with integrin-binding
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motifs to accelerate cell adhesion and spreading®>®; or CAG (Cys-Ala-Gly), found in collagen
IV, that selectively controls cell adhesion®’.

To test the synergistic effect of the combination of peptides, our group has developed a
platform to control the presentation, concentration and accessibility of peptides®®. This platform
allows the functionalization of PEGDA hydrogels with multiple biological molecules at
controlled concentrations. Since the simultaneous presentation of a combination of peptides and
topography require the use of high-throughput testing, we have also developed arrays for the
analysis of these biomimetic characteristics’. These techniques will help elucidate the
biochemical and biophysical characteristics that will optimize the epithelialization of an artificial

BM.

5.2.3 Studies on the expression/knockdown of ECM components involved in the wound healing of
the cornea, such as LN332 and LN511

Our results show that after epithelial wounding, cells on the border of the wound express
LN331 intracellularly. This expression is increased when cells are in presence of topographic
features. LN332 has been used as a marker for cellular migration'®, but recent studies have
demonstrated that two different levels of processing of LN332 are associated with increased
cellular migration or with increased adhesion respectively?®?%. Furthermore, when we performed
real-time PCR in the overall culture, we observed an increase in the RNA expression of LN332
subunits in the flat surfaces, compared to the topographic substrates. We hypothesize that cells
cultured on flat surfaces increase the expression and deposition of the unprocessed LN332 to

increase their adhesion; while cells on topographic substrates do not express LN332, except the
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migration-inducing form on the border of the wound. Our hypothesis can be tested by measuring
the expression of other proteins involved in the cleavage of LN332%, the identification of the
LM332 isoform by the use of specific antibodies, and the knockdown of LN332 subunits with
small interfering RNA, which has been proved to reduce the migration rate during wound

healing?*.

5.2.4 Influence of topographic cues on differentiation and stratification of the corneal epithelium

One of the most important characteristics of a healthy epithelium is the formation and
maintenance of a stratified layer of cells?®®. In healthy epithelia, cells in contact with the BM
express keratin 14 (related to low level of differentiation)?®, while cells in the stratified squamous
layer express 14-3-3c (indicating a higher level of differentiation)®’. Preliminary results from
our group using real time PCR have verified the influence of topography on HCEC
differentiation, because cells plated on nanoscale topography upregulate the expression of keratin
14 and downregulate the expression of 14-3-3c. For this reason, we hypothesize that the
incorporation of topographic cues to an artificial BM will mimic the differentiation and
stratification of a native corneal epithelium. To test this hypothesis, airlifted 3D organotypic
cultures can be used (Figure 5.3)%. In this type of culture, the desired substrate to test is placed
on an insert over a polycarbonate membrane. HCEC are plated in the insert and submerged in
media for four days. At this time point, the construct is lifted to the air-liquid interface to induce
stratification. This type of culture can be performed with or without the inclusion of corneal
fibroblasts. Possible experimental end points are: the analysis of RNA, protein levels and

localization of specific markers of HCEC differentiation, such as keratin 3 and 12%°; the
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evaluation of BM formation through the staining of collagen IV, and the analysis of histological

features.

5.2.5 Incorporation of a synthetic basement membrane onto artificial corneas as a laminated
structure

Our approach of engineering an artificial BM is suitable for their incorporation onto currently
used keratoprosthesis, such as AlphaCor®’, or the Eyegenix™ cornea, currently in phase 1
clinical study®. The goal of this device is to engineer a physiologically functional tissue
substitute that re-epithelializes as well as induces nerve growth into the stroma to maintain
corneal health®. Unfortunately, the Eyegenix™ cornea presents a flat surface, thus limiting the
resulting re-epithelialization. For that purpose, we propose a procedure to resurface the
lenticules using laminated structures, depicted in figure 5.4. Recent investigations have reported
the combination of two separate layers to provide extracellular cues to the stroma or the
epithelium, such as the addition of growth factors in a bioresponsive polymer®. However, this
approach does not consider the incorporation of biophysical cues such as topography. Our
method involves the use of a mold that contains the topographic features. PEGDA pre-polymer
supplemented with adhesion promoters is applied to the surface and the lenticule is pressed onto
the mold. The PEGDA prepolymer is then photocrosslinked and the lenticule is released with a
thin layer of PEGDA hydrogel attached.

The molds containing the topography inspired by the BM must match the curvature of the
lenticule. A procedure to fabricate curved molds with nanotopographic features on the concave

surface is described in appendix B. The advantages of this method include the possibility of
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using currently tested topographies, the use of elastomers to facilitate the release of the lenticules
and the molding of large areas. An example of a mold presenting curved surfaces and a lenticule

fabricated, confirming the transfer of the topography to the lenticule is shown in figure 5.5.

5.2.6 Ex vivo and In vivo wound healing studies

The natural next step for the evaluation of our PEGDA hydrogels as substrates for the
corneal epithelium is the use of ex-vivo organ cultures. In these studies, the cornea and sclera of
commercially available rabbit eyes can be excised and mounted on a perfusion chamber**®. The
cornea is trephined to remove the epithelium, the basement membrane and a portion of the
anterior stroma. The biosynthetic membranes incorporating the biochemical and biophysical
cues can be overlaid onto the wounded area and the rate of wound closure evaluated, as well as
RNA expression, protein expression, localization and histology.

Dogs have the appropriate corneal diameter, thickness and curvature to employ Eyegenix™
corneas functionalized with our artificial BM. In vivo studies using canine models can be
performed. The biosynthetic corneas are implanted using anterior lamellar keratoplasty®®, and all
dogs receive a general physical exam and detailed ophthalmic exam pre- and post-operatory, and
at appropriate time points. The ophthalmic exam includes: slit lamp examination, spectral
domain OCT evaluation, confocal slit lamp imaging of all corneal layers, Schirmer tear test,
intraocular pressures and Cochet-Bonnet aesthesiometry. After 16 weeks, dogs will be humanely
euthanized and corneas from both eyes collected for histopathology, immunohistochemistry, and

transmission electron microscopy (TEM) for verification of stratification, expression of
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differentiation markers (using canine specific antibodies), and the presence of intact basement

membrane.

These future experiments represent a comprehensive strategy to achieve the goal of
engineering substrates as a biomimetic basement membrane of the corneal epithelium, and will
provide a key step in the translation of our research from the bench to the clinic. Those materials
will be able to provide an environment to promote the epithelialization of artificial corneas and

improve their biointegration into the eye.
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5.4 Figures

Figure 5.1: AFM images of hydrated PEGDA hydrogels molded using nanosphere
lithography containing isotropic topography in different scales.
A) Topography obtained with nanospheres of 190 nm in diameter. B) Topography obtained

with nanospheres of 1260 nm in diameter. C) Topography obtained with nanospheres of 2000

nm in diameter.
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Evaluation of the wound closure in substrates molded with anisotropic

A) Wound closure after 24 hours. B) Wound closure after 36 hours. Error bars: SEM. (*** p

<0.001;

0,001 <p<0.01.)
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Epidermal Cells

Collagen Matrix
with Fibroblasts

Medium

Figure 5.3: Lift-off technique for the differentiation of cells (organotypic co-culture).

From Stark H, et. al. (2006) Biol Proced Online 6(1), 55-60 (reference 28). A hydrogel
engineered with biochemical and biophysical cues is placed in an insert containing a
polycarbonate membrane. Fibroblasts can be incorporated into the hydrogel or cultured directly
on the membrane. Corneal epithelial cells are cultured on the hydrogel and submerged in the

media for 7 days. After that, the developing culture is raised to the air-liquid interface.
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Figure 5.4: Incorporation of a synthetic basement membrane onto artificial corneas as a

Mold with topography

Artificial

B l { (lenticule)
—

laminated structure.

A) Mold replicating the curvature of the lenticule, containing topographic features onto the
concave surface. B) PEGDA pre-polymer is placed onto the concave surface of the mold and
the lenticule is pressed on top. C) The PEGDA is crosslinked under UV light. D) The lenticule

with a layer of PEGDA hydrogel is removed from the mold.
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EHT = 10.00 kV Signal A = InLens
WD= 3mm Photo No. = 6367

Figure 5.5.- Topographic features molded into curved surfaces.

The image shows a scanning electronic micrograph a polyurethane lenticule, fabricated in a
curved mold with groove-and-ridges topography with 4000 nm pitch, showing the capability to
mold large surfaces with topography. The top inset shows the PDMS mold containing the
topography on the concave surface, and the polyurethane lenticule obtained. The inset on the

bottom shows a higher magnification of the surface.
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APPENDIX A.- MOLDING OF POLY(ETHYLENE GLYCOL) DIACRYLATE
(PEGDA) HYDROGELS WITH ISOTROPIC TOPOGRAPHY, USING NANOSPHERE

LITHOGRAPHY

The fabrication of PEGDA hydrogels with isotropic topography was completed following the
protocol shown in figure A.1. A silicon wafer was cleaned with O2 plasma (300 sec, 250 W, O,
flow rate of 50 cc/min). The surface was spin-coated with a thin layer (50-200 nm) of
poly(isobutyl methacrylate) (PiBMA, MW 300,000, Acros, NJ). The surface was covered with a
poly(dimethyl siloxane) (PDMS, Sylgard® 184, Dow Corning, MI) stencil with a void space of 1
cm in diameter. The covered wafer was O, plasma-treated (20 sec, 100 W, O, flow rate of 8
cc/min) to render the surface of the exposed PiBMA hydrophilic. The amount of nanospheres
required to cover the exposed area of the wafer in a monolayer was calculated as

, Where N is the number of spheres, A is the area of the wafer exposed to the O,
plasma and D is the diameter of the nanosphere. Suspensions of polystyrene nanospheres with
diameters of 190, 1260 and 2000 nm were purchased from Bangs Laboratories (Fishers, IN).
The suspensions were centrifuged and the supernatant liquid was replaced by a mixture of 40%
methanol in water, containing 1/1000 concentration of Triton-X 100 (Sigma-Aldrich, MO) as a
dispersant, to enhance the coverage of the exposed surface of the wafer. The PiBMA-coated
wafer was placed on a slight angle in a covered crystallizing dish, saturated with methanol to
control evaporation of the liquid. The nanosphere suspension was applied on one side and the
liquid covered the whole exposed surface. Upon evaporation, a monolayer of nanospheres was

formed. Next, the nanospheres on the PIBMA surface were annealed by heating the wafer to 70
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°C (a temperature between 47 °C and 100 °C; the glass transition points of the PIBMA and
polystyrene, respectively) for four hours. After annealing, the wafers were transferred to a
nitrogen atmosphere. A 30 pL drop of a solution containing 20% (w/w) poly(ethylene glycol)
diacrylate (PEGDA) MW 3400, 10 mM RGD peptide and 0.067% wi/v lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) was placed on top and covered with a glass coverslip
previously treated with 3-(trichlorosilyl) propyl methacrylate (TPM, Sigma-Aldrich, UK). The
hydrogel was crosslinked under UV (364 nm for 900 s at 7.0 mW/cm2), and the coverslip was
carefully removed from the wafer using a razor blade. The coverslip was then submerged in
chloroform and sonicated for 12 hours, to dissolve the polystryrene nanospheres. The coverslip
containing the topographic gel was dried overnight and sterilized for 24 hours by soaking in 5%
isopropyl alcohol in 1X phosphate buffer saline (PBS, pH 7.2), rinsed for 24 hours in 1X PBS

and pre-incubated for 12 hours in cell culture media for full equilibration before cell plating.
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Figure A.1: Modified nanosphere lithographic method to fabricate PEGDA hydrogels with
isotropic topography.

A) A silicon wafer is spin-coated with PIBMA and plasma-etched, to render the surface of the
polymer hydrophilic. B) A monolayer is created by applying a suspension of polystyrene
spheres to the surface. C) The monolayer is annealed at 70 °C to embed the spheres into the
PiBMA. D) PEGDA pre-polymer is applied to the surface, covered with a TPM-treated cover
slip and UV-crosslinked. E) The cover slip is carefully removed from the silicon wafer. F) The
polystyrene spheres are dissolved in chloroform, leaving their imprint on the surface of the

hydrogel.
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APPENDIX B.- FABRICATION OF CURVED MOLDS WITH TOPOGRAPHIC

FEATURES

B.1. Fabrication of thin Poly(dimethyl siloxane) (PDMS) membranes with topographic
features

Thin PDMS membranes (thickness of approximately 500 pm) were fabricated according to
the protocol shown in figure B.1. Briefly, silicon masters patterned with grooves and ridges with
a pitch of 4000 nm and depth of 300 nm were placed on the bottom of a polystyrene culture dish
to be used as molds to create thin polymeric stamps by soft lithography. The amount of PDMS
(Sylgard® 184, Dow Corning, MI) needed to form a thin membrane (500 um thick) on top of the
silicon master was calculated. The PDMS was prepared by mixing Sylgard® 184 prepolymer
and curing agent 10:1 by volume. The mixture was poured over the silicon master, degassed in
vacuum for 20 min and cured for two hours at 60 °C. A thick slab of PDMS (5 mm thick) was
O, plasma treated (20 sec, 100 W, O, flow rate of 8 cc/min), and exposed to trichloro
(1H,1H,2H,2H-perfluorooctyl) silane (Sigma-Aldrich, St. Louis, MO) vapor for one hour in an
inert atmosphere under vacuum conditions. The treated slab was placed on top of the silicon
wafer with the thin layer of PDMS. PDMS prepolymer was poured over the construct until
complete coverage, degassed under vacuum for 20 min and cured for another two hours at 60 °C.
After that, the whole PDMS composite was carefully peeled from the master, and the slab was
manually separated from the PDMS membrane. The membrane was then trimmed for

subsequent processing.
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B.2.- Fabrication of PDMS curved molds with topographic features

Curved PDMS molds molded with topographic features were fabricated following the
procedure depicted in figure B.2. Briefly, the PDMS membrane prepared in the previous step
was O, plasma treated (20 sec, 100 W, O, flow rate of 8 cc/min) and exposed to trichloro
(1H,1H,2H,2H-perfluorooctyl) silane vapor for one hour in a nitrogen atmosphere under vacuum
conditions. A 1 cm hole was drilled on the bottom of a 35 mm polystyrene culture dish. The
fluorinated PDMS membrane was placed under this culture dish, with the topographic surface
facing up. The bottom end of a 5 mL polystyrene Falcon test tube (BD labware, Franklin Lakes,
NJ) was cut. The dome was glued concave-side down to the center of the culture dish lid, using
acrylic glue (Loctite® 326, Henkel, Germany), and placed under the culture dish, pushing the
membrane through the hole. PDMS prepolymer was poured inside the culture dish, degassed
under vacuum for 20 minutes and cured at 60 °C for two hours. The PDMS mold was carefully
separated from the membrane, leaving the original topography from the silicon master molded

onto the concave surface.
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Figure B.1: Fabrication of PDMS membranes with topographic features.

A) A thin layer of PDMS prepolymer to form a thin membrane is poured and cured over a
silicon master containing topographic features. B) A fluorinated PDMS slab is placed on top of
the membrane. C) The construct is covered with PDMS prepolymer and cured. D) All the

composite is peeled from the silicon master. E) The PDMS slab is removed and the membrane

is trimmed.
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Figure B.2: Fabrication of PDMS molds with topographic features.

A) The PDMS membrane is treated with trichloro (1H,1H,2H,2H-perfluorooctyl) silane. B)
The membrane is placed with the topography facing-up under a culture dish with a hole drilled
on the bottom. C) A convex mold is pushed through the membrane, to stretch it. D) The
culture dish is filled with PDMS prepolymer and cured . E) The PDMS is released from the

construct and trimmed.



