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1. Introduction

Corneal disease related blindness affects approximately 8 million people worldwide. Donor
cornea is commonly used to correct the condition, but various complications and healthcare
disparities force some patients to pursue alternative treatment options such as artificial cornea
or keratoprosthesis. After 5 years, up to 70% of all corneal grafts remain clear. However, up to
40% of penetrating keratoplasty patients experience immunologic rejection of the corneal graft
after a 10 year follow-up period. In addition, insufficient donor cornea supplies limit the
treatment options of selected patient populations. [1] [2] [3] This project aims to design
synthetic biomaterials to create a keratoprosthesis that permits stable host integration and long
term vision restoration. While a number of keratoprosthesis are available on the market, each
fails to address one or more of the following vital parameters: host integration, mass transport,
tissue epithelialization, or innervation. Inadequate keratoprosthesis design can result in

extrusion, necrosis, increased intraocular pressure, or infection. [1] [2]

This project investigated the biocompatibility, structure, transparency, and mechanics of novel
polymer scaffolds for cornea replacement devices. Polymeric units used included 2-
hydroxyethyl methacrylate (HEMA), methyl methacrylate (MMA), or acrylated poly (ethylene
glycol) (PEG) based monomers. The successes and shortcomings of previous corneal
replacement devices or keratoprostheses (KPros) guided the biomaterials design. Immune
rejection and insufficient host integration are risk factors that can impede the long term survival
available corneal replacement agents. [1] [2] This study hypothesizes that the pore structure
and aqueous content of a synthetic polymer structure can be designed to induce stable host
integration and to permit the transport of life sustaining agents to the ingrown ocular tissue. In

addition, this study postulates that the appropriate tissue ingrowth and mass transport can be



achieved in a suturable synthetic structure that is designed to sustain corneal related in vivo

forces.



2. Keratoprosthesis Background

Available keratoprosthesis (KPro) designs are composed of natural materials, synthetic
materials, or a combination of both. While many keratoprostheses demonstrate a level of utility,
all models fail to fully address one or more of the following vital parameters: host integration,
mass transport, tissue epithelialization, or innervation. Inadequate keratoprosthesis design can

result in extrusion, necrosis, increased intraocular pressure, or infection. [1] [2] [4]

2.1 Boston Keratoprosthesis Type 1

The Boston KPro Type 1 is designed for patients who experienced multiple graft failures.
Prospective Boston KPro users have a poor prognosis for primary penetrating keratoplasty. [1]
Patients with ocular autoimmune conditions usually do not qualify for use. Prior to 2008, the
device consisted of a back plate and an optically transparent stem, both composed poly (methyl
methacrylate) (PMMA); a titanium locking ring secures the PMMA components. The most
recent Boston KPro Type 1 design includes a titanium back plate with larger holes than the
earlier models. [4] A 2011 Todani et. al. study shows that titanium back plates reduce
retroprosthetic membrane (RPM) occurrence in Boston KPro. RPM can decrease the optical
transparency of the KPro optic or core. RPM forms when cells adhere to the core. Over time
the adhered cells can develop and multiply to form the fibrous thin sheet known as RPM. [5] [6]
The Todani study includes 78 eyes that developed RPM following implantation of a Type |
device. For each subject, RPM was diagnosed at 6 months following surgery. Overall, 13.0%

of titanium plate users developed RPM while 41.8% of PMMA plate users developed RPM. [7]

Donor cornea tissue is sandwiched between the stem and the back plate of the Boston KPro.

After the device is assembled with donor cornea tissue, the complete implant is sutured via the



donor cornea. The surgical implantation method is the same as the standard method for
penetrating keratoplasty (PKP). The optics of the device can be adjusted to match the patient’s
refractive power. [4] Boston KPro has high retention rates. A 2005 study reports 100%
retention of the device during 2 — 12 month follow-up period; a post-operative visual acuity of
greater than 6/120 was achieved by 74% of patients. In a 2006 study, graft retention was 95%
at an average follow-up of 8.5 months while 57% of patients attained a post-operative visual
acuity of 6/60. One year following implantation, visual acuity was 6/60 in 56% and in 6/12 in

23% of users. The most common post-operative complication was retroprosthetic membrane.

[4]

2.2 Boston Keratoprosthesis Type 2

The Boston KPro Type 2 is designed for end stage dry eye. The overall design of the Type 2
device is similar to the Type 1 device. Unlike the Type 1 model, the Type 2 model includes an
optical portion that protrudes through a permanently closed upper eyelid. The initial device
assembly and implantation procedures are identical to the Type 1 model. After the Type 2

model is sutured, it is covered with skin from the eyelid or a mucous membrane graft. [4]

2.3 Osteo-Odonto Keratoprosthesis (OOKP)

The Osteo-Odonto KPro is a full thickness corneal replacement device. It consists of a PMMA
optic and a skirt made from autologous tooth. The device has high long term retention rates
even in patients with serious ocular diseases including ocular cicatricial pemphigoid (OCP),
Stevens-Johnson syndrome (SJS), or graft-vs.-host disease (GVHD). In one study, 100%
retention was reported at a mean follow-up 19.1 months with BCVA of = 20/40 in 73.3% of

patients. Another independent study calculated an 85% cumulative probably of retention at 18



years, and a mean BCVA of 20/30 — 20/20 was reported. This data was taken from a group of
over 100 patients. An OOKP study with 36 patients resulted in 72% retention at a mean follow-
up of 3.9 years. OOKP data taken from a range of follow-up periods was used to compute
retention rates and BCVA. Large data sets from specific follow-up time points could permit a
more accurate assessment of OOKP retention. The complexity of OOKP surgery, which
requires the participation of multiple medical specialists, is a major disadvantage of the device.
In addition the availability of a healthy rooted tooth is imperative for successful device
construction. Sometimes patients do not have a suitable tooth. In such a case, Tibial Bone

Keratoprosthesis (TKPro) may be an option. The surgical procedure is similar to OOKP. [2] [4]

2.4 AlphaCor Keratoprosthesis

The AlphaCor KPro consists of a poly (2-hydroxyethyl methacrylate (PHEMA) optically
transparent core and an opaque porous skirt. [1] The device is designed for patients with
scarred, vascularized or diseased corneal tissues. It has been used when patients are either
not eligible for conventional donor tissue transplants or have had multiple previous graft failures.
[1] US Patent 5458819, which describes the AlphaCor KPro, states that 5 — 80 um pores may
be present in a PHEMA sponge created from a monomeric mixture with approximately 45 %
weight water. An electron micrograph illustrates the pore structure of the device skirt, [8] but the

interconnectivity of the pores maybe be best evaluated based on the extent of cell ingrowth.

In vivo cell ingrowth into porous AlphaCor rims suggested that the device permits host
integration, [9] but later studies showed that device retention is strongly related to patient
selection and management. A 2002 publication determined that fibroblast ingrowth into the

porous skirt facilitates the stabile integration of the device for full thickness keratoplasty. [5] 14



patients with poor prognosis for penetrating keratoplasty and/or uncertain visual acuity outcome
were included in the trial. Of the 14 implants, 2 developed optical deposits, 1 caused stromal
melting, and 1 resulted in traumatic cataract. Researchers determined that stromal melting and
traumatic cataract were only partly related to the device. [10] Optical deposits have been

attributed to the patients’ heavy smoking habits and certain topical medications. [11]

A 2005 study showed reduced biointegration of AlphaCor when stromal melting occurred. 14
AlphaCor devices were explanted from human subjects. Of the 14 devices, 5 presented
medication related calcification in the optic; 3 of the 5 calcified devices also experienced stromal
melting. An additional 8 out of the 14 devices were removed due to corneal tissue melting
anterior to the device. One of the 14 devices developed retroprosthetic membrane. Neither
calcification nor fungal infections were observed in the skirt region of AlphaCor devices. The
connection between the skirt and the optic component remained intact. In the absence of
stromal melting, devices supported greater collagen deposition and fibroblast invasion. Stromal
melting was accompanied by an increase in inflammatory cells around the device skirt. In spite
of precondition related side effects, the study indicates that the device may be a reasonable
option for selected patient populations. AlphaCor devices permit biointegration in the absence

of corneal vascularization and in cases of chemical injury. [8]

A 2006 study presented an attempt to reduce stromal melting in AlphaCor. Retention statistics
were reported for on label cases that received medroxyprogesterone (MPG) treatment; MPG
may prevent stromal melting. Probability of retention to 6 months, 1 year, and 2 years was
92%, 80%, and 62%, respectively. 64.5% of explanted devices were removed due to stromal
melting. Stromal melting refers to any event of stromal thinning or loss, even if the process
subsequently stabilized. In the event of AlphaCor complications, reversal to the pre-AlphaCor

6



state using penetrating keratoplasty (PK) of tissue is possible. Following AlphaCor removal,
78.2% of cases were reversed to PK. On average, preoperative visual acuity allowed patients
to recognize hand movements. For some patients, fibrous reclosure restricted visual acuity.
Fibrous reclosure of the posterior lamellar opening occurred in 13.0% of implant recipients.
Following device implantation, bested corrected visual acuity (BCVA) ranged from light
perception to 20/20; mean BCVA was 20/200. This data was taken at a variety of time points

following AlphaCor implantation. [11]

2.5 Guangzhou Keratoprosthesis

A group in Guangzhou, China developed at synthetic KPro using poly (2-hydroxyethyl
methacrylate) (PHEMA) and poly (methyl methacrylate) (PMMA). [12] The transparent core
was made with a 10 : 1 mass ratio of HEMA : MMA. A thin PHEMA-PMMA flange or protrusion
surrounded the PHEMA-PMMA core. The flange was perforated with 200 — 300 um holes; then,
a PHEMA sponge was fused to the perforated flange. The PHEMA sponge, with 65 % porosity,
had 20 — 60 um pores. The combined PHEMA sponge and perforated PHEMA-PMMA
extension constituted the KPro skirt. The device was tolerated in New Zealand white rabbits for
up to 4 months. Vascularization and corneal cell ingrowth was observed in the device skirt.
Corneal melting observed in AlphaCor clinical trials suggests that PHEMA sponges like those
used in the AlphaCor and Guo et. al. KPros may result in corneal melting in diseased and/or

damaged corneal tissues. [8] [13] The Guangzhou KPro is still in development.

2.6 Seoul Type Keratoprosthesis

The Seoul Type KPro includes a PMMA optic and a skirt made of polyurethane, polypropylene,

or polytetrafluoroethylene. [1] [14] SEM images indicate that the skirt of the device has pores of



30 um or greater that appear to be interconnected. Fibroblast ingrowth and collagen deposition
were observed on devices that use the polypropylene and polyurethane skirts. Tissue melting
occurred in 1 out of 4 devices with the polyurethane skirt. Polyurethane skirts were deemed
less desirable due to in vivo degradation. Overall, extrusion was not observed in any of the
devices that were inserted in non-diseased rabbit eyes. [15] Similar to AlphaCor, the
performance of the Seoul KPro is influenced by patient selection. A study with 9 patients with
existing ocular conditions resulted in a 66.7% anatomic retention rate of the device at 68
months. Among the patients in the study, 6 were diagnosed with Stevens—Johnson syndrome
(SJS), 2 had chemical burns, and 1 suffered from ocular pemphigoid (OCP). Eventually all
devices developed corneal melt leading to full exposure of the skirt. [1] [2] On average,
retroprosthetic membrane developed after 16.2 months. [14] Patients maintained a visual acuity

of finger counting or higher for an average of 31.6 months. [2]

2.7 Pintucci Keratoprosthesis

The Pintucci KPro consists of a PMMA optic connected to a woven Dacron membrane. [2] In a
1995 study, the Dacron membrane permitted tissue ingrowth in patients with preexisting ocular
conditions, but 2 out of 20 devices extruded. 13 out of 20 patients maintained improved visual
acuity for more than 2 years. [16] 50% of patients experienced necrosis of the mucous
membrane anterior to the device skirt. [4] A 1996 study reported that 60% Pintucci KPro
recipients developed mucous membrane pemphigoid (MMP) [2]; MMP is an autoimmune
disease that can result in vision loss. [17] The surgical procedure performed influences the
incidence of postoperative endophthalmitis or intraocular inflammation. [18] In a study with 31
Indian patients, researchers found no device extrusions at a mean follow-up of 3.2 years.
However, only 6.5% of these patients achieved best corrected visual acuity (BCVA) of greater

than 20/40. [2]



2.8 Stanford Keratoprosthesis

The Stanford KPro is an experimental core-skirt model keratoprosthesis. Both the central optic
and microperforated rim of the device are composed of a poly(ethylene glycol)-poly(acrylic acid)
interpenetrating network (PEG/PAA IPN). [1] When collagen type | was connected to the
surface of the optic, epithelialization was observed in vivo. [19] The glucose permeability of the
PEG (MW 8000)/PAA optic is similar to that of natural cornea. [20] The PEG/PAA optic was
implanted under LASIK flaps of rabbit corneas for 14 days. 1 of the 10 implants was extruded.
Inconsistencies in the polymer’s thickness, raised edges, may have contributed to the extrusion.
For LASIK flaps over laying the IPNs, epithelial thinning was observed. In the area of extrusion,
researches did not observe fibrosis, inflammation, or neovascularization. Overall, opacification

was nhot observed. [19]

2.9 Natural Polymer Keratoprosthesis

Natural polymer based keratoprostheses demonstrate host integration and epithelialization.
McLaughlin et. al. fabricated a cornea construct using carbodiimide cross-linked porcine type |
collagen. The implant showed evidence of early stages of remodeling at 4 and 8 weeks post
operation. The absence of sodium fluorescein staining indicated that an intact epithelial barrier
was restored and remained stable over 12 months. [21] Gonzalez-Andrades et. al. developed a
natural polymer substitute for human corneal which consists of cultured keratocytes entrapped
in a gel of human fibrin and 0.1% agarose. Data indicates that the air-liquid culture technique
succeeded in promoting stratification and differentiation of the epithelial layer. [22] While
selected natural polymers demonstrate favorable host integration and biocompatibility, synthetic
based tissue engineering scaffolds allows for greater control over mechanical properties,

geometry, and biological interaction. [23] [24]



3. Porous Poly(Ethylene Glycol) Diacrylate

3.1 Abstract

This study investigates the effects of polymer chain length on the mechanical properties of gas
foamed poly (ethylene glycol) diacrylate (PEGDA). Gas foamed structures were composed of
PEGDA MW 700, MW 3400, or MW 10k. Combinations of short (lower MW) and long PEGDA
(higher MW) chains created polymer structures with increased strength and stiffness compared
to structures composed of a given longer PEGDA chain. Gas foamed PEGDA hydrogels are
structurally and mechanically suitable for evaluating cells in 3D culture. SEM images show an
interconnected pore structure. Gas foamed PEGDA is also cytocompatible. High cell viability
was observed on collagen type | infused polymer structures. Changes in PEGDA chain sizes
neither degraded cell viability nor impeded gas foaming. The mechanical tunability of gas
foamed porous PEGDA makes it an effective tool for evaluating cellular response to static

mechanical properties in 3D.

3.2 Introduction

Efforts to create a mechanically stable porous poly(ethylene glycol) diacrylate (PEGDA)
hydrogel were originally intended to culminate in a full thickness cornea replacement device.
Various ratios of PEGDA MW 700, 3400, 6k, and 10k were combined in an effort to create a
more mechanically stable porous PEGDA scaffold. Different chain length combinations resulted
in stiffness values ranging from a weak jelly-like softness to a glass-like hardness, but the
structures did not present sufficient strength for full thickness cornea replacement. However,

mechanically tunable porous PEGDA could be a useful tool for tissue engineering research.

Tissue engineering constructs made with synthetic polymers allow users to control the
mechanical and structural properties of the device. Poly (ethylene glycol) diacrylate (PEGDA) is
a synthetic polymer that has been used to investigate the engineering of tissues including bone,

10



[25] cartilage, [26] [27] and cornea. [28] [29] Previous publications have demonstrated its
amenability to chemical, structural, and mechanical modification. [30] [31] [32] [33] In addition,
PEGDA is non-toxic [34] and generates minimal immunogenic response. [35] The mechanical

tunability of gas foamed PEGDA may give it a range of tissue engineering applications.

Typical PEG hydrogel studies use a singular PEG chain size to adjust the structure’s
mechanical properties. [33] [36] [37] This study investigated the combination of multiple
PEGDA chain sizes to develop gas foamed PEGDA hydrogels with different mechanical
properties. Variations in PEGDA molecular weight or solution concentration change the kinetics
of polymerization and alter mechanical properties of the gel. [32] [34] [38] [39] Increasing the
ratio of PEGDA to water, at the time of polymerization, or decreasing poly (ethylene glycol)
(PEG) chain length leads to increased mechanical modulus and decreased mass transport
through the gel. [38] Since PEGDA alone is known to resist cell adhesion in vitro, [28] [40] rat
tail collagen type | was added to porous PEGDA to permit cell attachment. Throughout this
report, the combination of porous PEGDA and rat tail collagen type 1 is called a hybrid scaffold.
This study demonstrates that by simply combining PEGDA chains of given lengths, one can
adjust the mechanical properties of porous PEGDA structures that are suitable for tissue

engineering.

3.3 Methods

3.3.1 Engineering the Hybrid Scaffold

Porous PEGDA scaffolds were designed based on the protocol published by Keskar et. al. [30]
PEGDA MW 10k (Sigma-Aldrich), PEGDA MW 3400 (Glycosan, Salt Lake City, UT), or PEGDA
MW 700 (Sigma-Aldrich) were used to create gas foamed PEGDA. To prepare the polymer
structures for in vitro evaluation, the structures were immersed in a rat tail collagen type |
solution (2 mg/mL) (BD Bioscience). N (3-Dimethylaminopropyl)-N’—ethyl-carbodiimide (EDC)

11



(5 mM) and N-hydroxysuccinimide (NHS) (5 mM) were used to crosslink the collagen.
Dehydrated porous PEGDA structures absorbed the collagen solution like sponges. After the
collagen type | solution absorbed, it was gelled at 37°C. The collagen gel is much weaker than
the porous PEGDA structure, [28] so it fails to contribute to the overall mechanical properties of
PEGDA and unlikely alters the pore size. The combination of porous PEGDA and collagen type

| is referred to as the hybrid scaffold throughout this report.

3.3.2 Tensile Testing of Porous PEGDA

Hydrated porous PEGDA samples were tested in tension using a custom designed 100LM Test
Resources mechanical testing machine (Test Resources Inc., Shakopee MN). Three samples
of each formulation were tested using a calibrated WF75GS Load Cell (Test Resources Inc.),
which is fatigue-rated for 75 g of force (0.735 N) in tension and compression. The scan rate for
all tension measures was 50.86 Hz. Samples were cut into rectangular shapes for tensile
testing. Average sample dimensions were approximately 4 x 8 mm and 3 mm depth. The
tensile strain rate was 0.2 mm/s. Firstly, a strain of 10% was applied for at least 30 cycles to
pre-condition the samples. A strain of 200% was applied to measure stress vs. strain to the
rupture point. Values taken from the tensile measures included elastic modulus (E), ultimate
tensile strength (UTS), and strain at rupture. E is measured in the elastic or linear region of the
stress vs. strain plot; E = stress/strain. UTS is the maximum stress response of a material
during tensile testing. The strain at rupture is simply the elongation of the sample at the point of
rupture; in this study the elongation was reported as a percentage of the original length of the

sample.

3.3.3 Structural Evaluation

To observe the pore structure of scaffolds, SEM images of polymers were generated using a S-
3000N Variable Pressure SEM (Hitachi). Surface pore areas were measured using SEM

12



images. Image J applied a threshold to surface pores and measured each pore with the
Analyze Particles function. Monoclonal Anti-Collagen Type | antibody at 1: 2000 dilution

(Sigma-Aldrich, C2456) was used to stain collagen fibers in the hybrid scaffolds.

3.3.4 Cell Culture and Cell Viability

Two cell types were used to evaluate in vitro cytotoxicity and cell proliferation: primary human
corneal fibroblasts (HCFs) passage 11 and human fibroblast cell line (HT1080) passage 7.
Cells were cultured in GIBCO MEM alpha media (Invitrogen) with 10% fetal bovine serum (FBS)
(Atlanta Biologicals, Lawrenceville, GA) and 1% antibiotic-antimycotic solution (Sigma-Aldrich).
A live-dead cell viability assay (Invitrogen) was used to stain live and dead cells in hybrid

scaffolds.

3.3.5 DNA Assay

Acellular hybrid scaffolds, approximately 0.5 — 1 mm in thickness and 7 mm in diameter, were
placed on a 50 - 60% confluent layer HCFs and incubated for periods of 7, 9, and 13 days.
Hybrid scaffolds were rinsed in PBS prior to DNA isolation to ensure that only cells attached to
the scaffold were evaluated. TRIzol Reagent (Invitrogen) was used per the product protocol to
isolate DNA. DNA pellets were diluted with 250 yL of TE Buffer, and a fluorescent DNA
guantification kit (BioRad 170-2480, Hercules, CA) was used to measure the DNA
concentration. For each sample, 80 uL of the prepared fluorescent DNA solution was added to
a well. In all, 6 wells were measured for each DNA pellet; and four DNA pellets were tested (n =

4),

3.3.6 Subcutaneous Implantation in Mice

A four month old female C57BL/6 mouse was anesthetized with intraperitoneal injection of
ketamine (100 mg/kg) and xylazine (5 mg/kg). Four acellular and collagen-free PEGDA 10k/700

13



scaffolds were implanted in the back of the animal and extracted after four weeks. Frozen
sections of extracted implants were stained with hematoxylin and eosin (H&E) and anti-CD45

antibody (BD Pharmingen, San Jose, CA).

3.3.7 Statistical Analysis

MATLAB R2012a was employed for all statistical analysis using an alpha value of 0.05. Note
that the standard error of a given data set represents the error measure. Standard error is the
standard deviation divided by a quantity that is the square root of the number of samples
measured. This report references the MATLAB R2012a Product Documentation to discuss the

application of MATLAB statistical tests.

3.4 Results

3.4.1 Mechanical and Structural Assessment

Various quantities of PEGDA MW 700, 3400, or 10k were combined to create porous PEGDA
scaffolds with different mechanical properties. Monomer combinations resulted in stiffness

values ranging from a weak jelly-like softness to a glass-like hardness (Fig. 1).

The grams per milliliter (g/mL) of PEGDA chains used and the equivalent molar concentrations
(M) are listed for each polymer sample in Figure 1; and these samples were tested at a strain
rate of 0.2 mm/s. Per ANOVA testing, the UTS and E of PEGDA 10k/700 are significantly
greater than the UTS and E for PEGDA 3400. Trends in mechanical data show that the addition
of PEGDA 700 to structures increased strength (UTS) and stiffness (E). A porous sample
composed of PEGDA 10k (0.20 g/mL or 0.02 M) and PEGDA 3400 (0.07 g/mL or 0.02 M) was
also tested in tension. However, the force response obtained from the combination was too
small and noisy to extract reliable mechanical data. Porous PEGDA 10k (0.20 g/mL or 0.02 M)

14



was too weak and unstable to test in tension, which had the consistency of jelly or a weak gum-
like substance. The specific combination of PEGDA chain lengths determined the mechanical

properties of each porous PEGDA substrate.

Combining small quantities of different chain sizes can result in porous PEGDA hydrogels with
different mechanical properties (Fig. 1). The addition of PEGDA 10k (0.02 M) to PEGDA 700
(0.21 M) resulted in a structure that was stronger than PEGDA 700 made with a higher
concentration of monomer (0.27 M). The combination of PEGDA 3400 (0.05 M) and PEGDA
700 (0.05 M) created a hydrogel that was stiffer than PEGDA 3400 (0.05 M). The mechanical
tuning of hydrogels via PEGDA chain size combinations can be advantageous when viscous
single size chain solutions inhibit chemical gas foaming. Instead of increasing monomer
concentration, thereby increasing solution viscosity, different chain sizes can be combined to
alter the mechanical properties of porous PEGDA hydrogels. The PEGDA chain solutions used
to make hydrogels (see Fig. 1) were fluid enough to add a high density of pores via chemically

initiated gas foaming.
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Figure 1. The combination of PEGDA chain lengths or MWs determined the mechanical

properties of each substrate. The composition of each sample is listed in g/mL or in its
equivalent molar concentration. The substrates’ stress response to the point of failure

characterized their overall strength and ductility (A); “x” marks the point of rupture for each

sample. The combination of PEGDA MW 10k and 700 yielded a significantly stronger (B) and
stiffer (C) porous substrate compared to the PEGDA MW 3400 sample. Compared to PEGDA
3400, the stiffness and strength obtained by combining PEGDA MW 700 and PEGDA 3400 is

not statistically significant.

Representative SEM images of gas foamed PEGDA 3400 (Fig. 2A) and PEGDA 10k/700 (Fig.

2B) show interconnected pores. Surface pores of PEGDA 3400
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Figure 2. SEM images of PEGDA 3400 (A) and PEGDA 10k/700 (B) show that gas foaming of
PEGDA creates an interconnected pore structure in the polymer.

and PEGDA 10k/700 are 65 + 4 and 46 + 3 um in diameter, respectively. The ranges of surface
pore diameters are 6 — 317 and 6 — 214 um for PEGDA 3400 and PEGDA 10k/700,
respectively. The pore structure is important because it provides space for cells to grow into the

body of the hydrogel structure.

3.4.2 In Vitro Evaluation

The hybrid scaffolds permit cell migration and a high level of cell viability. The collagen type |
network in the hybrid scaffold is shown in Figure 3. The collagen type | permits cell adhesion on
the structure. At day 4 of cell migration, the majority of HT 1080s, passage 7, were viable in
hybrid scaffolds made with PEGDA 3400 and PEGDA 10k/700 (Fig. 4). Calcein-AM stained
viable or live cells green. Ethidium homodimer stained dead cells red; it also stains PEGDA at a
lesser intensity compared to dead cells. HCF, passage 11, migration into hybrid
PEGDAZ10k/700 scaffolds increased significantly from day 7 to day 13 (Fig. 5) per Kruskal-Wallis

testing.
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Figure 3. Collagen type | was added to porous PEGDA to aid cell spreading. The fibers
displayed were strained with anti-collagen type | antibody.

Figure 4. A human fibroblast cell line (HT 1080), passage 7, was used to evaluate the
cytotoxicity of porous PEGDA infused with collagen type I. Structures made with PEGDA 3400
(A) and PEGDA 10k/700 (B) were stained to identify live and dead cells; both images were
taken at 20X. Cells migrated into the structures over 4 days. Cells showed a high level of
viability. Calcein-AM strained live cells green. Ethidium homodimer strained dead cells red; it
also stains PEGDA at a lesser intensity compared to dead cells.
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Figure 5. Increased DNA concentrations show that primary human corneal fibroblasts (HCF)
migrated into the porous PEGDA 10k/700 coated with collagen type | (n = 4). Per Kruskal
Walllis testing, there was a statistically significant increase in cells from day 7 to 13. The
horizontal bar notes the statistically significant relationship between the two time points.

3.4.3 Subcutaneous Implants in a Mouse

Cell ingrowth was observed following subcutaneous implantation of a porous PEGDA 10k/700
scaffold into the back of a mouse. Over a period of 4 weeks, cells from the host migrated into
the acellular collagen-free implant (Fig. 6A). The PEGDA biomaterial, nuclei of migrated cells,
and dermal tissue can be readily be identified in the H&E stained sample, and positive anti-CD
45 staining confirms the presence of leukocytes (Fig. 6B). However, a thin fibrous
encapsulation around a segment of the PEGDA suggests that the material is being tolerated by

the host. [41]
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Figure 6. PEGDA 10k/700 remained under the skin of a mouse for 4 weeks. Tissue from the
mouse host populated the entire body to the implanted porous PEGDA 10k/700. Following
explantation, frozen sections of the sample were stained with H&E (A) and anti - CD 45 (B).
Positive CD 45 staining confirms that the implant triggered an immune response. In image B, all
nuclei from cells that migrated from the host are labeled with DAPI in blue, and CD 45 staining
is labeled with green. Light blue coloring shows overlapping nuclei and CD 45.

3.5 Discussion

This study demonstrates that the mechanical properties of gas foamed PEGDA can be adjusted
while preserving cytocompatibility and without sacrificing pore interconnectivity. Previous
studies showed that PEGDA and the collagen type | infused into gas foamed PEGDA are
cytocompatible. [30] [28] [42] Collagen type | is known to support the growth and development
of fibroblasts in vitro and in vivo. [43] [44] [45] Keskar et. al. demonstrated that gas foamed
PEGDA supports human mesenchymal stem cell (hnMSC) growth for approximately 4 weeks.
[30] Zhu et. al. reported smooth muscle cell growth on PEGDA with cell adhesion components.
[46] Lin et. al. showed that chondrocytes encapsulated in PEGDA can proliferate for up to 4

weeks. [33] A variety of cell types thrive on PEGDA scaffolds. This suggests that gas foamed

PEGDA could potentially serve as a 3D structure for a variety of cell types.

Gas foamed PEGDA structures are designed to mimic the interconnectivity of natural ECM.
Interconnected pores in gas foamed PEGDA allow cells to migrate throughout the body of a

porous tissue engineering structure. [42] [47] SEM images (Fig. 2) show that the polymer chain
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lengths of gas foamed PEGDA can be adjusted while maintaining an interconnected pore
structure. A previous study supported this finding that pore morphology remained relatively
constant when different chain lengths were used to create gas foamed PEGDA. [37] Given the
interconnected pore structure that permits cell ingrowth, the adjustable mechanical properties of
gas foamed PEGDA could potentially aid the investigation of cell response to ECM mechanics
in 3D. Keskar et. al. showed that the pore structure in gas foamed PEGDA facilitated large
scale cell ingrowth in mice; however, tissue ingrowth into non-porous hydrogels was not
observed. [42] The preservation of pore interconnectivity following mechanical adjustment is

imperative for cell growth throughout the body of the 3D structure.

Adjusting PEGDA chain lengths is an efficient method for modulating the mechanical properties
of a gas foamed PEGDA. Other laboratories have reported the effects of polymer chains sizes
on the mechanical properties of polymers. [33] [36] Compression testing of blends of PEGDA
MW 3400 and PEGDA MW 400 showed that different ratios of PEGDA chain sizes result in
different stiffness or elastic modulus values. [34] Myung et. al. used poly (ethylene glycol)
(PEG) chains ranging from 3400 to 14000 MW to adjust the mechanical properties of
interpenetrating polymer networks composed of PEG and poly (acrylic acid) (PAA). [36] The
mechanical properties of a tissue engineering structure can guide cell behavior, and a
structure’s long term survival depends on the mechanics of in vivo implantation site. [23] [48]

[49] [50] [51]

The strength and stiffness of a PEGDA tissue engineering structure can be enhanced by
increasing the quantity of a single PEGDA chain type. [34] [38] However, concentrated
aqueous PEGDA solutions can be viscous, especially when larger chain lengths are used, and
highly viscous solutions can reduce the efficacy of the chemically initiated gas foaming method
described in this paper. Monomer solutions used to make hydrogels (see Fig. 1) were fluid

21



enough to permit gas foaming. Mechanical tuning using combinations of PEGDA chain sizes is
an alternative to viscous single size chain solutions that inhibit the chemical gas foaming
process. The interconnected pore network introduced by gas foaming is essential for potential

3D cell development in PEGDA.

3.6 Conclusions

The mechanical properties of gas foamed porous PEGDA depend in part on polymer chain
length. After testing multiple combinations of PEGDA chain lengths or molecular weights, we
determined that the presented polymer fabrication method can be used to produce
cytocompatible structures with interconnected pores and a range of mechanical properties. This
mechanically tunable porous structure provides a 3D structure for observing the cell’'s response

to substrate mechanics.
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4. Poly(2-Hydroxyethyl Methacrylate) - Poly(Ethylene Glycol) Diacrylate

|. Poly(2-Hydroxyethyl Methacrylate) - Poly(Ethylene Glycol) Diacrylate (PHEMA-PEGDA)

Based Keratoprosthesis

Poly(ethylene glycol) diacrylate (PEGDA) was combined with 2-hydroxyethyl methacrylate
(HEMA) to create a mechanically stable and structurally relevant core-skirt model
keratoprosthesis (KPro). Structures composed of poly(ethylene glycol) (PEG) and poly(2-
hydroxyethyl methacrylate) (PHEMA) allow adjustable pore architecture [52] and convenient
modifications for cell adhesion [53] [54]. Previous studies report the development of novel
PHEMA-PEG based structures that are suitable for tissue engineering. [52] [55] [29] The
copolymerization of HEMA and PEGDA units resulted in porous structures with greatly
increased stiffness and ductility compared to gas foamed PEGDA hydrogels (Fig. 1). The
PHEMA-PEGDA sample displayed in Figure 1 is listed as “PHEMA-PEGDA (W)” in Section I,
Table 1 of this chapter. The diversity of surface features and pore sizes that can result by
adjusting porogen type and volume may be advantageous for KPro development and the

investigation of cell —substrate interaction.
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Figure 1. The copolymerization of HEMA and PEGDA resulted in porous structures with greatly
increased stiffness and strength compared to PEGDA hydrogels (PEGDA 10k/700). PHEMA-
PEGDA (BOH) gels were made using benzyl alcohol. Strain rates for PHEMA-PEGDA (BOH),
and PEGDA 10k/700 tensile measures were 5.2 and 3.1 mm/s, respectively. Rectangular
samples of each polymer type were tested in tension. “X” marks the point of tensile rupture.

Il. Using Porogens to Modulate Substrate Topography in Poly(2-Hydroxyethyl

Methacrylate) - Poly(Ethylene Glycol) Diacrylate (PHEMA-PEGDA)

4.1 Abstract

A copolymer composed of poly(2-hydroxyethyl methacrylate) (PHEMA)and poly(ethylene glycol)
diacrylate (PEGDA) (PHEMA-PEGDA) is structurally versatile. Its structure can be adjusted
using the following porogens: water, sucrose, and benzyl alcohol. A variety of surface
architectures and pore morphologies were developed by adjusting porogen volume and type.
The porogens appear to be cytocompatible. They add pores without adding cytotoxic impurities
to the final polymer structure. Polymers coated with rat tail collagen type | permitted human
corneal fibroblast (HCF) migration over 2 weeks. Differences in surface pore sizes appear to

influence COL1A2 gene expression. Given known substrate topography and morphology

24



dependent cell activity, this mechanically stable biomaterial with adjustable pore structure can

be used to investigate the influence of pore structure on cell activity.

4.2 Introduction

While cell response to topography has been widely studied, [56] [57] [58] [59] [60] the
mechanisms that regulate cell interaction with topography are not clearly understood. [61] Cell
— topography interaction can potentially be exploited for tissue engineering. Substrate
topography can alter cell alignment and cell development. Reynolds et. al. demonstrated that
cell alignment along the axis of micro and nano features is cell type dependent. [59] Multiple
cell types displayed alignment in response to linear surface features of different widths and
depths. Compared to MDCK canine kidney epithelial and LE2 murine (rat) lung capillary
endothelial cells, hTERT immortalized primary human fibroblasts displayed high levels of cell
alignment at a wider range of feature dimensions. [59] Patel et. al. used micropegs to show that
topographical elements can alter cell adhesion signals. Myaoblasts attached to micropegs
showed increased RhoA GTPase and myosin heavy chain Il (MYH2) expression. [58] Finally,
surface roughness appears to regulate phenotype specific protein production in MC3T3
osteoblasts. [60] While previous investigations of cell — topography interaction enlighten our
understanding concerning the phenomenon, substrate preparation was largely labor intensive
and generally required specialized equipment. Substrates used to evaluate cell — surface
interactions are frequently created using casting or lithography. [56] [57] [58] [59] [62] To
increase the efficiency of patterned substrate production, an alternative fabrication process may
be warranted. This study proposes a fabrication process that utilizes common laboratory
equipment and commercially available products to add topographical features to a biomaterial.
By reducing substrate fabrication times, the proposed process may also accelerate efforts to
better understand and manipulate cell — topography interaction. To this end, we attempted to
use phase separation to create a variety of surface features on a PHEMA-PEGDA copolymer.
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The patterned PHEMA-PEGDA structures are easy to produce and non —toxic. Furthermore,

they are mechanically stable enough to resist fracture during routine handling.

Compared to previously reported poly(2-hydroxyethyl methacrylate) -poly(ethylene glycol)
(PHEMA-PEG) structures, [52] our combination of HEMA and PEGDA results in a wide variety
of surface features. Since PEG is more hydrophilic than PHEMA, [52] small volumes of PEGDA
were used to both preserve phase separation in the copolymer and crosslink HEMA. Greater
hydrophilicity introduced by PEGDA can suppress phase separation by increasing the solubility
of the copolymer chains, [52] but the selected ratios of HEMA and PEGDA units yield
mechanically stable copolymers that are structurally sensitive to solvent or porogen
adjustments. Changes in porogen type and volume lead to noticeable changes in surface
feature sizes and distributions. PHEMA-PEGDA structures presented in this study may support
current efforts to elucidate the mechanisms involved in the cell’s response to a substrate’s

structural features.

4.3 Methods

4.3.1 Making Porous PHEMA-PEGDA

PHEMA-PEGDA copolymers were created for biological testing, mechanical testing, and
structural assessment. For biological and mechanical testing, PHEMA-PEGDA structures were
made with 7% w/v PEGDA MW 3400 (Glycosan GS710), 2% v/iv PEGDA MW 700 (Sigma-
Aldrich, 455008), and 38% v/v HEMA (Sigma-Aldrich 128635). Ammonium persulfate (APS)
and N,N,N’,N'-tetramethylethylenediamine (TEMED) initiated the polymerization. Samples were
made using the following porogens: deionized water (W), sucrose (S) 150% w/v, or benzyl
alcohol (BOH). Samples W1, S1, and BOH1 in Table 1 are the copolymer formulations that
were used in biological and mechanical testing. All copolymers listed in Table 1 were evaluated
with scanning electron microscopy (SEM). Additional PHEMA-PEGDA formulations were
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created to further explore the relationship between porogens and polymer surface features
include samples W2, S2, BOH2, W3, S3, and BOH3 (Table 1). Table 1 outlines the porogen
types and volumes that were used. As porogen volumes were increased, monomer and initiator

volumes remained unchanged.
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PHEMA-PEGDA (W wi 52%  -- == 17% 2%  38%

PHEMA-PEGDA (S) S1 34% 18%  -- 17% 2%  38%
PHEMA-PEGDA (BOH BOH1 34% -- 18% 17% 2%  38%
PHEMA-PEGDA (W) — 2X W2 59% - - 1A% 2% 32%
PHEMA-PEGDA (S) — 2X S2 29%  31%  -- 14% 2%  32%
PHEMA-PEGDA (BOH) - 2X BN 31% 14% 2%  32%
PHEMA-PEGDA (W) — 3X W3 65% - - 12% 1% 28%

S3 250%  40% - 12% 1%  28%

PHEMA-PEGDA (S) — 3X
PHEMA-PEGDA (BOH) — 3X  [IeRBENEIL

-- 40% 12% 1% 28%

Table 1. Porogens used to add pores to PHEMA-PEGDA include water (W), sucrose solution
(S), and benzyl alcohol (BOH). Polymers used in biological and mechanical testing include
samples W1, S1, and BOH1. In an attempt to adjust the pore structure of PHEMA-PEGDA,
added porogen volumes were doubled in samples W2, S2, and BOH2. The doubled volume is
in comparison to W1, S2, and BOH. Porogen volumes were tripled in W3, S3, and BOH3.
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4.3.2 Adding Collagen to PHEMA-PEGDA

Prior to seeding cells, PHEMA-PEGDA structures were coated with cross-linked rat tail collagen
type | (2 mg/mL) (BD Bioscience). Collagen was crosslinked using N(3-Dimethylaminopropyl)—
N’—ethyl-carbodiimide (EDC) (5 mM) and N-hydroxysuccinimide (NHS) (5 mM). Dehydrated

implants were incubated the collagen gel solution for 2 hours on ice. The collagen was allowed

to gel at 37°C for 1 hour.

4.3.3 Cell Culture

In preparation for biological testing, copolymer sheets of samples W1, S1, and BOH1 were cut
into disks of approximately 7 mm diameter and 0.5 mm thickness. PHEMA-PEGDA samples
were subjected to an extensive washing process. W1 and S2 were rinsed in deionized water
and ethanol solutions for 6 days; BOH1 samples were rinsed in the same solutions for 9 days.
At the end of the rinsing process, samples were dried in an oven at 37°C. Each sample was UV
sterilized prior to biological testing. Cell-free collagen coated PHEMA-PEGDA structures were
placed on top of the layer of confluent HCFs. Primary human corneal fibroblasts (HCFs),
passage 7, were grown to confluence in a petri dish. Cells were feed every 2 - 3 days with
GIBCO MEM alpha (Invitrogen, 12561), supplemented with 10% fetal bovine serum (FBS)

(Atlanta Biologicals) and 1% antimicrobial-antimycotic solution (Sigma-Aldrich, A5955).

4.3.4 Cell Survival and Migration

A fluorescent DNA quantification kit (BioRad, 170-2480) was used to assess cell migration onto
PHEMA-PEGDA structures. The Hoechst 33258 in the BioRad DNA assay allows double
stranded DNA to be quantified in the range of 20 ng to 10 uyg. DNA was extracted from the
copolymer structures using TRIzol per the manufacture’s protocol. Two DNA pellets were

tested for each time point. For each sample, 80 pL of the assay solution was added to a well of
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a 384 well plate. Six duplicate wells were used to measure each DNA pellet. Fluorescent

signals were measured using the Tecan Genios Pro Spectrophotometer.

4.3.5 Collagen Type | Production

Quantitative RT-PCR was used to evaluate collagen type | gene expression. RT-PCR was
performed using the AgPath-ID One-Step RT-PCR Kit (Applied Bioscience). Tagman primer
and probe sets for human GAPDH and COL1A2 were also obtained from Applied Bioscience.
RNA was isolated using TRIzol per the manufacture’s protocol. One RNA pellet was tested per

time point. Six duplicate wells were measured per RNA pellet.

4.3.6 Testing Porous PHEMA-PEGDA in Tension

PHEMA-PEGDA structures, made per Table 1, were tested in tension using a custom designed
Test Resources mechanical testing machine. Three samples of selected formulations (samples
W1, S1, and BOH1) were tested using a calibrated WF75GS Load Cell (Test Resources Inc.),
which is fatigue-rated for 75 g of force (0.735 N) in tension and compression. Polymer
structures were made in dumbbell shaped molds for tension testing. Dumbbell shaped test
samples were designed based on ASTM D638 Figure 1 Type IV. Sample dimensions were 95 —
105 x 6.6 — 7.2 x 0.5 - 1.0 mm (height x width x thickness). First, a strain of 2 - 5% was applied
for 30 cycles to pre-condition the samples. Next, elastic modulus was calculated using a 2 -
10% strain for 30 cycles. Strain rate was approximately 1 mm/s for all elastic modulus
measures. Mid-range cycles, typically 10 - 20, were used to compute the elastic modulus. The
scan rate for the force measure was 50.86 Hz. Damping factors were calculated using the
phase shifts between the stress over time and strain over time curves. The tangent of the
horizontal phase shift corresponds to the energy loss of the copolymer per tension cycle; the
value is known as the damping or dissipation factor. [63] Phase shifts were measured using
MATLAB.
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4.3.7 Structural and Chemical Characterization

Scanning Electron Microscopy (SEM) images were generated using a S-3000N Variable
Pressure SEM (Hitachi). Low magnification SEM images were taken of uncoated PHEMA-
PEGDA. Prior to high magnification imaging, structures were laser ablated with gold using a
Pulsed Laser Deposition System (Excel Instruments). Images were used to evaluate the effects
of porogens on surface textures and structures. Surface pore areas and shapes were
measured using Image J 1.47c. Images that best represented the overall surface pores were
digitally processed and thresholded in preparation for measurement. Each pore area was

measured with the Analyze Particles function of ImageJ 1.47c.

The elemental composition of PHEMA-PEGDA structures was evaluated using X-ray
photoelectron spectroscopy (XPS). XPS experiments were performed using the Kratos Axis-
165 instrument. Samples were irradiated by a monochromatic Al-Ka X-ray source (15 kV, 10
mA) at an angle of 30 degrees from the sample surface. Photoelectrons were detected by 8
channeltrons of the concentric hemispherical analyzer over an area of 700 x 300 ym, with a
spectrometer take-off angle of zero. The detection was achieved using the constant analyzer
energy (CAE) mode. Survey scans were acquired with a pass-energy of 160 eV, 1.0 eV step-
size and 100 ms dwell time; while narrow scans were acquired with a pass-energy of 20 eV, 0.1
eV step-size and 200 ms. All scans were performed with the charge-neutralization system

running. Charge-referencing was done with the adventitious carbon peak position of 284.8 eV.

Nuclear Magnetic Resonance (NMR) was used to evaluate the stability of the PHEMA-PEGDA
gel in aqueous solution. A PHEMA-PEGDA (W) gel, see Table 1, was incubated in PBS for 3
days. Then, NMR measures were taken from both the PBS soaked gel and a solution of HEMA
and PEGDA monomers. The ratio of HEMA to PEGDA in the monomer mixture was equal to
the ratio of monomers used to create PHEMA-PEGDA gels. All *C NMR measurements were
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acquired using the “zgpg” pulse program at room temperature on a 8.5 T (*H frequency =
360.13 MHz and *3C frequency, 90.55 MHz) Bruker Avance spectrometer equipped with a QNP
probe capable for multinuclear NMR measurements. A capillary filled with D,O was immersed
in NMR tube for locking the deuterium signal. The solid gel samples were immersed in PBS for
three days and placed on top of a doty aurum plug (14mm) to keep the samples at the center of
rf coil. The 90° pulse width was 13.5 ps for monomer solutions and was used as it is for
polymer samples. The relaxation delay in all experiments was setto 2 s. The gel spectra were

acquired with 1024 scans (signal accumulations) as compared to only 4 scans for liquid spectra.

4.3.8 Statistical Analysis

MATLAB R2012a was used to conduct all statistical analysis at an alpha level of 0.05. The
statistical significance of mechanical data and COL1A2 gene expression were evaluated using
ANOVA. Kruskal-Wallis was used to evaluate the statistical significance of copolymer pore

measures and cell migration data. All reported error measures are the standard error.

4.4 Results

4.4.1 Testing Porous PHEMA-PEGDA in Tension

The porogen type influenced the elastic modulus and viscoelasticity of PHEMA-PEGDA.
PHEMA-PEGDA samples W1, S2, and BOH1 were included in mechanical testing. PHEMA-
PEGDA made with water porogen, W1, was significantly stiffer than PHEMA-PEGDA made with
benzyl alcohol porogen, BOH1 (Fig. 1A). Damping factors (tan(d)) at room temperature show
that the porogens had a statistically significant effect on structure viscoelasticity. The damping
factor for the sample made with sucrose porogen, S1, is significantly higher than BOH1.
Samples W1, S1, and BOH1 were viscoelastic with dominant elastic properties (low energy
loss; Fig. 1B). A perfectly elastic material would have a damping factor of 0. [63] [64] The
largely elastic PHEMA-PEGDA samples are expected to maintain their mechanical properties
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during general laboratory handing. Samples comfortably resist rupture at 25 kPa of force and

20% strain.

32



350 + — A
— 300 - ™
[
o
= 250 -
v
]
S 200 -
T
(=]
2 150 -
2
=]
@ 100 -
o
50 -
0 . .
Sucrose Water Benzyl
Alcohol
Porogen
0.5 - B
04 -
@ 0.3 -
c
3]
-
0.2 -
0.1 - ! !
0.0 - : - : __|
Sucrose Water Benzyl
Alcohol
Porogen

Figure 1. Tensile testing (n = 3) showed that the use of a given porogen can significantly alter
the mechanical properties of a hydrogel (A). Horizontal bars identify samples with statistically
significant relationships. PHEMA-PEGDA made with water porogen was significantly stiffer than
samples made with benzyl alcohol porogen. Low damping factors (tan (8)) show that the
PHEMA-PEGDA samples are viscoelastic with dominant elastic properties (B). PHEMA-
PEGDA made with sucrose porogen had a significantly larger damping factor than samples
made with benzyl alcohol porogen. Image (C) illustrates the apparatus that was used to test
polymers in tension. PHEMA-PEGDA (W) is shown following rupture. The dumbbell shaped
sample failed in the narrow mid-section.
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4.4.2 Surface Texture of PHEMA-PEGDA

SEM images (Figs. 2 - 3) show that water, sucrose, and benzyl alcohol create a wide variety of
surface features on PHEMA-PEGDA. Most PHEMA-PEGDA formulations in Figures 2 — 3
created structures with well-defined surface pores. Three formulations primarily produced 3D
projections that cannot be classified as surface pores: PHEMA-PEGDA (W) — 3X (W3),
PHEMA-PEGDA (S) — 3X (S3), and PHEMA-PEGDA (BOH) — 3X (BOH3). The aforementioned
structures were created by tripling the added porogen volume compared to samples W1, S1,
and BOH1. The surfaces of W3, S3, and BOH3 are characterized by wave — like features
followed by a few shallow circular surface pores. The surface of sample S3 consists of
macrosized bulbous projections and intermittent patches of surface pores. PHEMA-PEGDA
copolymers made with tripled porogen volumes exhibit a variety of surface features that are not
present in the other PHEMA-PEGDA samples. Only the SEM images of copolymer samples

with well-defined surface pores were measured with ImageJ (Fig. 4).

ImageJ was used to measure the pore area of SEM images that best represented the surface
pores sizes of PHEMA-PEGDA structures (Fig. 4). Surface pore measures quantified the
diversity of pores that the porogens created. The surface pore sizes of PHEMA-PEGDA
structures were significantly different from each other. Water created the largest average pore
size in PHEMA-PEGDA when the volume of added water was doubled, W2. The increase in
water porogen from sample W1 to W2 resulted in an increase in surface pore sizes, but tripling
the volume of water porogen resulted in a sharp decline in pore size (W3). Results from
sucrose and benzyl alcohol porogens show that surface pore areas were the largest with
samples S1 and BOH1. Doubling sucrose and benzyl alcohol volumes reduced average pore

areas, S2 and BOH2.
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Figure 2. Low magnification SEM images show the effects of porogen volume and type on the
surface topography of PHEMA-PEGDA. The image labels correspond to the sample codes in

Table 1. Water (1), sucrose (2), and benzyl alcohol (3) were used as porogens. Compared to
W1, S2, and BOH1 samples, porogen volumes were doubled for W2, S2, and BOH2. Porogen
volumes were tripled for W3, S3, ad BOHS3.
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Figure 3. High magnification SEM images show the effects of porogen volume and type on the
surface topography of PHEMA-PEGDA. The image labels correspond to the sample codes in
Table 1. Water (1), sucrose (2), and benzyl alcohol (3) were used as porogens. Compared to
W1, S2, and BOH1 samples, porogen volumes were doubled for W2, S2, and BOH2. Porogen
volumes were tripled for W3, S3, ad BOH3.
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Figure 4. Surface pore areas of PHEMA-PEGDA samples were measured in ImageJ using
SEM images. Six of the porogen recipes resulted in measurable pore structures. For each
sample, pore areas were significantly different from each other. When the volume of water
porogen was doubled, PHEMA-PEGDA (W) — 2X, water created the largest average pore size
in PHEMA-PEGDA.

4.4.3 Chemical Assessment of Copolymer

XPS (Table 2) and NMR data showed the elemental composition and agueous stability,
respectively, of PHEMA-PEGDA. XPS data suggests that porogens (water, sucrose, and
benzyl alcohol) modified the pore structure of PHEMA-PEGDA without changing the chemical
composition of the polymer. XPS was used to evaluate the elemental composition of polymers
made with three porogens: water, sucrose, and benzyl alcohol. The carbon (C 1s) to oxygen (O
1s) ratio for resulting structures was 2.2 — 2.3. The C 1s: O 1s ratio for PEGDA was lower, 1.7.

The ratio appears to reflect chemical differences between the PHEMA-PEGDA and PEGDA

gels.
XPS
PHEMA-PEGDA (Each Porogen Type)
Water Sucrose Benzyl Alcohol
Element Ratio
2.2 2.2 2.31
(Cl1s:0 1s) 8 4 3

Table 2. XPS data suggests that porogens modified the pore structure of PHEMA-PEGDA gels
without changing the chemical composition of the polymer. XPS was used to evaluate the
elemental composition of polymers made with three porogens: water sucrose, and benzyl
alcohol. The carbon (C 1s) to oxygen (O 1s) ratio for resulting structures was ~ 2.2 — 2.3.
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Figure 5 shows high resolution **C NMR spectra at 8.45 T (*H freq. 360 MHz) for a solution of
HEMA and PEGDA (Fig. 5A) and a PHEMA-PEGDA gel soaked in PBS for three days (Fig. 5B).
The peak assignments for spectral lines are based on both published literature [65] [66] and
general NMR references. [67] [68] The spectra in Figure 5A show that the HEMA and PEGDA
units in solution are not chemically connected as all of the peaks can be assigned to individual
components. Figure 5B shows the spectra of PHEMA-PEGDA gel following 3 days in PBS.
Since the nuclei in gel polymers have stronger dipolar couplings with other nuclei, we did not
expect to see any signal from the gel soaked in PBS if the units of gel structure were all linked.
However, the middle repeat O-CH, group of PEGDA is found to be present at 70 ppm in gel
spectra with the line width of approximately 20 Hz (the line width for this spectral line is 6 Hz in
liquid spectra), which indicates that PEG units may have leached out of the PHEMA-PEGDA gel
following 3 days in PBS (Fig. 5B). It appears that neither HEMA nor PHEMA leached, as none
of the peaks from HEMA is present in the PBS soaked gel spectra. The leached PEG units do
not appear to impact the cytocompatibility. However, the implications of this for in vivo
applications depends on the host’s response to PEG units at the given implantation site. For
example, PEG units could conceivably present challenges if the leached component obstructed

flow in a given tissue.
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Figure 5. NMR data is shown for PEGDA and HEMA units in solution (A) and for the PHEMA-
PEGDA gel in PBS (B). PEG chains may have leached out of the PHEMA-PEGDA gel following
3 days in PBS. The signal for the middle O-CH, group of PEGDA (A) and the middle O-CH,
group of PEG (B) were both be found at approximately 70 ppm. Signals that represent the
repeating side groups in PHEMA were not observed in PBS, so it appears that PHEMA did not

leach.
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4.4.4 Cellular Response to Copolymers

Human Corneal Fibroblasts (HCFs) migrated onto collagen type | coated PHEMA-PEGDA and
expressed a type | collagen gene (COL1A2). Figure 6 shows the collagen type | fibers covering
PHEMA-PEGDA structures. DNA concentration measures (Fig. 7) show that HCFs migrated
onto the PHEMA-PEGDA structures. For PHEMA-PEGDA (S), S1, a significant increase in
cells was observed at day 10. Cell migration on PHEMA-PEGDA (BOH) was significantly lower
than cell migration measured on substrates made with water (W1) or sucrose (S1). A
comparison of Wland S1 showed that the two structures supported a statistically equivalent
amount of cell migration. COL1A2 expression was evaluated to assess HCF activity on the
PHEMA-PEGDA structures (Fig. 8). COL1A2 refers to the human gene for proa2 type |
collagen (a2(l)); a2(l) is one of the polypeptide chains that constitutes collagen type I. [69]
COL1A2 expression remained constant from days 7 to 13 on W1 and S1 substrates except for a

significant drop in COL1A2 expression on S1 at day 10. COL1A2 expression on BOH1

significantly increased from days 7 to 10 and from days 10 to 14.

Figure 6. Collagen type | (2 mg/mL) coated PHEMA-PEGDA samples were stained with a
collagen type | antibody (Sigma-Aldrich, C2456). Collagen fibers are shown in white. Collagen
gelled within the micron sized surface pores of PHEMA-PEGDA (W), image A. Collagen fibers
are also apparent in PHEMA-PEGDA (S) and PHEMA-PEGDA (BOH), images B and C
respectively.
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Figure 7. HCFs migrated onto PHEMA-PEGDA substrates, and the presence of the cells was
observed for up to 2 weeks (n = 2). The substrates consisted of PHEMA-PEGDA overlaid with
cross-linked rat tail collagen type | (2 mg/mL). Water (W1), sucrose (S1), and benzyl alcohol
(BOH1) were used to create pores. The asterisk (*) identifies a statistically significant increase
in DNA concentration for the sucrose substrate. DNA concentration on the benzyl alcohol
substrate is significantly lower than concentrations measured on water and sucrose substrates.
A comparison of water and sucrose substrates showed that they support a statistically
equivalent amount of cell migration.
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Figure 8. HCF COL1A2 expression was measured on PHEMA-PEGDA substrates. Hydrogel
samples were made with water (W1), sucrose (S1), and benzyl alcohol (BOH1) porogens. The
asterisk (*) notes a statistically significant increase or decrease in COL1A2 expression for a
given substrate. On the sucrose porogen substrate (S1), there was a significant decrease in
day 10 COL1A2 expression. On samples made with benzyl alcohol porogen (BOH1),
statistically significant increases in COL1A2 expression were observed from day 7 to 10 and
from day 10 to 14.
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4.5 Discussion

The presented PHEMA-PEGDA formulations (Figs 2 - 4) offer a wider range of surface pore
sizes compared to previously published PHEMA and PHEMA-PEG formulations. [52] [55] [70]
[71] Horék et. al. created porous PHEMA using sodium chloride (NaCl) and sucrose. Pores
made with NaCl were up to 9 um in diameter, and pores made with sucrose were up to 26 pm in
diameter. They demonstrated that PHEMA pore size depends on the type and volume of both
crosslinkers and porogens. [71] Dziuble et. al. created PHEMA - poly(ethylene glycol)
monomethacrylate (PEGMA). Average pore size for PHEMA-PEGMA was 7 — 16 um. [70]
Baker et. al. created surface pores as large as 50 um in poly(2-hydroxyethyl methacrylate) -
poly(ethylene glycol) methyl ether methacrylate (MeO-PEGMA) using NaCl. [52] PHEMA-
PEGDA formulations presented in this study can be adjusted to produce average surface pore
areas of from 1.4 + 0.1 to 44.6 + 2.3 um®. The complete range of pore areas for Table 1
structures was 0.8 — 15625.0 pmz. However, the surface of a mold can affect the external
morphology of the resulting hydrogel. [72] Gel surfaces that were adjacent to the surface of the
glass mold had to be removed in order to view the true porosity of the PHEMA-PEGDA

structures.

Pore diameters in PHEMA-PEGDA copolymers followed a bell shaped function as solvent
fractions increased (Table. 1 and Figs. 2 - 4). Small pores, approximately 2 ym in diameter,
were observed in structures made with 52% v/v deionized water. At a mid-range of aqueous
solvent content (65% v/v), pore sizes increased, but pore sizes were reduced when agqueous
content was increased to 65% v/v. Similar patterns were observed in PHEMA-PEGDA made
with sucrose and benzyl alcohol porogens. PHEMA drove the formation of pores in PHEMA-
PEGDA. Previous studies show that hydrogels made with low aqueous content HEMA [73] or
HEMA-PEGMA [52] solutions result in structures with pores that are impenetrable to cells.
Pores in PHEMA-PEGDA formed as polymers fell out of solution during polymerization. The
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Gibbs free energy of mixing (AG") affects the ability of a polymer to remain in solution and the
resulting pore structure of a full polymerized hydrogel. When AG™ < 0, a homogeneous polymer
solution exists. As monomers are converted to polymers in a free radical polymerization, the
Gibbs free energy of polymerization (AGF) is negative to make polymerization
thermodynamically feasible. AG"= Gy, — (G, —G,), where G, is the Gibbs free energy of the
solution. G, and G, are the Gibbs free energy of solution components. Negative AGF is related
to the polymer solution and a solution component. Therefore a - AG” may drive the AG" above
0 and cause polymerizing units to fall out of solution. The pore structures that result from given
solvents and additives are also related to AGY. AG is a function of solvent-polymer interaction.
The Flory-Huggins interaction parameter () describes the difference in energy between a pure
polymer and a polymer immersed in pure solvent. Since AG" is a function of y, the resulting
voids that form as polymerizing chains fall out of solution are a function of solvent and polymer

interaction. [64]

The topographical features of substrates affect both in vitro and in vivo cell activity. Cell
membrane alteration caused by surface features may initiate the cell’s response to a given
topography. [61] Differences in cell activity on the PHEMA-PEGDA structures suggest that they
could be used to better understand the mechanisms involved in cell-substrate communication.
Compared to PHEMA-PEGDA (W) or (S), PHEMA-PEGDA (BOH) structures slowed and
reduced cell migration (Fig. 7). However, COL1A2 expression significantly increased on
PHEMA-PEGDA (BOH) from day 7 to 10 and from day 10 to 14 (Fig. 8). Human corneal
fibroblast (HCF) expression of COL1A2 was used to evaluate cell activity because COL1A2 is
expressed by cornea cells. [74] [75] The majority of HCFs used in this experiment originated
from human corneal stroma. Type | collagen is the principal collagen type synthesized by in

vitro and in vivo corneal stromal cells. [76] [77] Over time, corneal stromal keratocytes in cell
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culture transform to fibroblasts. [78] COL1A2 data shows that pore size may influence COL1A2
expression in HCFs. COL1A2 expression trends observed on PHEMA-PEGDA (BOH)
structures differ from expression on PHEMA-PEGDA (S) and PHEMA-PEGDA (W) structures
(Fig. 9). Pore sizes on the PHEMA-PEGDA (BOH1) structures were significantly larger than
PHEMA-PEGDA (S1) and PHEMA-PEGDA (W1) (Fig. 4). Previous studies identified a
relationship between cell activity and substrate pore size. [79] [80] Chondrocytes produced
more sulfated glycosaminoglycans (GAGs) on scaffolds with 160,000 um? pores compared to
scaffolds with 10,000 um? pores. [79] Vascular cell growth was greater in structures with 38 -
150 um diameter pores compared to structures with smaller pores (less than 38 pum in

diameter). [80]

In addition to pore size, substrate stiffness may also influence cell activity on PHEMA-PEGDA.
Ghosh et. al. demonstrated that the migration speed of adult human dermal fibroblasts
decreased with increased substrate stiffness, but cell proliferation increased with increased
substrate stiffness [50] Compared to the other structures in Figure 1A, PHEMA-PEGDA (BOH)
had the lowest stiffness value , and it had the least amount of cells by week 2 (Fig. 7).

However, differences in COL1A2 expression trends in PHEMA-PEGDA (W) and (S), which have
statistically equivalent stiffness properties, suggest that topography variations alone can alter
cell activity. The unique surface topographies produced by PHEMA-PEGDA formulations
(Table 1) can potentially be used to investigate the relationship between cell activity and

substrate topography.

This study presents a non-toxic and mechanically stable copolymer that can be adjusted to
create a variety of surface topographies including pores, waves, and bulbous projections. The
versatility of the surface features is achieved by varying porogen types and volumes, and the
added porogens do not appear to alter the chemistry of the PHEMA-PEGDA copolymer; further
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investigation is needed to confirm this. The level of structural versatility displayed by this unique

blend of HEMA and PEGDA monomers has not been observed elsewhere.

4.6 Conclusion

PHEMA-PEGDA structures with a wide range of surface features were developed by adjusting
porogen types and volumes. The structures have a variety of surface feature sizes and
morphologies that could be used to investigate how topography influences cell activity.
Differences in human corneal fibroblast migration and gene expression on different PHEMA-
PEGDA topographies indicate that our PHEMA-PEGDA structures can modulate in vitro cell
activity. Structures made using this convenient fabrication process could potentially expand our

understanding the mechanisms involved in the cell response to topography.

I1l. Evaluating the Potential Utility of a Poly(2-Hydroxyethyl Methacrylate) - Poly(Ethylene

Glycol) Diacrylate (PHEMA-PEGDA) Keratoprosthesis

4.1 Abstract

An artificial keratoprosthesis was created using poly(2-hydroxyethyl methacrylate) (PHEMA)
and poly(ethylene glycol) chains. The presented study assesses the in vivo response to porous
copolymers composed of PHEMA and poly(ethylene glycol) diacrylate (PEGDA). Given an
ultimate tensile strength of 74 + 4 kPa, the structure appears to be mechanically stable enough
to maintain its structural integrity in the ocular environment and possibly during suture-free
corneal implantation. Copolymers resisted rupture during subcutaneous implantation and
during in vivo incubation. H&E and CD45 staining identified a mild immune response. Tissues

migrated into accessible voids in the structures. Further device development to include stably
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attached cell adhesion components and physiologically adequate mass transport will likely be

required to achieve long-term ocular tissue attachment to the device.

4.2 Introduction

Synthetic polymers that are amenable to biological, structural, and mechanical modifications are
ideal for keratoprosthesis design. Poly(ethylene glycol) (PEG) and poly(2-hydroxyethyl
methacrylate) (PHEMA), widely used cytocompatible polymers, have that flexibility. They can
be modified to support cell adhesion. A peptide modified copolymer consisting of HEMA and a
low amount of 2-aminoethylmethacrylate (AEMA) permitted increased cell growth as compared
to the non-peptide modified copolymer. [81] Studies demonstrated that peptide modifications of
PEG permit cell growth on the surface and inside of the hydrogel. [30] [40] Both
interpenetrating networks (entangled) and copolymer mixtures of PHEMA and PEG can be
manipulated to achieve a range or mechanical properties. Interpenetrating networks of PEGDA
and HEMA had greater maximum tensile stress than PEGDA alone, and the hydrogel IPN
supported high levels of cell growth and viability in vitro when collagen was coupled to the
surface. [82] Porous PHEMA-PEGDA, created in Section | Figure 1, was stronger than gas
foamed PEGDA hydrogels, and the chemical properties of PHEMA facilitated the addition of
pores using selected porogens (Sec. Il, Figs. 2 - 3). The structural and mechanical properties of
PHEMA and PEG were exploited to create the presented keratoprosthesis model. The skirt
consists of a porous PHEMA-PEGDA, and a transparent PHEMA-PEGTA (poly(ethylene glycol)
tetraacrylate) was fused to a center void in the skirt to create the core. This study evaluates the
optical clarity, mechanical stability, and in vivo cytocompatibility of the PHEMA and PEG based

KPro.

4.3 Methods

4.3.1 Making Porous PHEMA-PEGDA
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Porous PHEMA-PEGDA samples were made per Section Il, 4.3.1 of this chapter. Copolymers
used here in Section Il included PHEMA-PEGDA (W), PHEMA-PEGDA (S), PHEMA-PEGDA

(BOH), and PHEMA-PEGDA (W) — 2X.

4.3.2 Making the PHEMA-PEGDA KPro

In this core — skirt KPro model, PHEMA-PEGDA (W) — 2X served as the porous skirt while a
transparent PHEMA-PEGTA was used to create the core (Fig. 1). A void was created in the
porous skirt into which a HEMA and PEGTA gel solution was added. An agueous gel solution
consisting of 70% v/iv HEMA, 14 % v/v PEGTA (from a 40% w/v agueous stock solution), and

4% wiv Irgacure 2959 was UV polymerized (356 nm long wave) for 30 min.

1. Uncover the Porous PHEMA-PEGDA 4. Polymerize the PHEMA-PEGTA core under UV for 30
sheet such that one side remains minutes. Apply long wave UV (365 nm)
attached to the mold or the plastic sheet

\ Porous PHEMA-PEGDA ‘

2. Use circular cutters to put holes in the porous

f
PHEMA PEGDA.

- . 5. Use a circular cutter to cut out core-skirt samples.

3. Add the solution HEMA and PEGTA for the core.
Gel solution for PHEMA-PEGDA core

v

Figure 1. The porous PHEMA-PEGDA and transparent PHEMA-PEGTA were combined to
create a core — skirt KPro.

4.3.3 Testing PHEMA-PEGDA KPros in Tension

Four PHEMA-PEGDA KPros (fabricated per Fig. 1) were tested in tension using a calibrated
WEF75GS Load Cell (Test Resources Inc.), which is fatigue-rated for 75 g of force (0.735 N) in

tension and compression. Sample dimensions in the testing apparatus were approximately 5 x
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13 mm and 0.6 mm depth. The tensile strain rate was 0.2 mm/s. Firstly, a strain of 10% was
applied for at least 30 cycles to pre-condition the samples. A strain of 100% was applied to
measure stress vs. strain to the rupture point. Values taken from the tensile measures included

elastic modulus (E), ultimate tensile strength (UTS), and strain at rupture.

4.3.4 Visible Light Transmittance through PHEMA-PEGTA

The visible light transmittance of PHEMA-PEGTA samples was measured with a Synergy HT
Multi-Mode Microplate Reader (BioTek). Six distinct sample types were evaluated: PHEMA
(70%) - PEGTA (7%) — EDGMA, PHEMA (70%) - PEGTA (14%) — EDGMA, PHEMA (40%) -
PEGTA (20%) — EDGMA, PHEMA (70%) - PEGTA (7%), PHEMA (70%) - PEGTA (14%), and
PHEMA (50%) - PEGTA (20%). Three of the six samples were made with 11 uM ethylene
glycol dimethacrylate (EDGMA, Aldrich 335681). For each sample, 6 structures were measured

(n = 6).

4.3.5 Subcutaneous Implantation in Mice

Three 4 month old female C57BL/6 mice were anesthetized with intraperitoneal injection of
ketamine (100 mg/kg) and xylazine (5 mg/kg). Three porous copolymers were subcutaneously
implanted in the back of an animal: PHEMA-PEGDA (W), PHEMA-PEGDA (S), and PHEMA-
PEGDA (BOH). PHEMA-PEGDA (W) and PHEMA-PEGDA (S) were extracted after four weeks.
Due to injuries inflicted by neighboring mice, PHEMA-PEGDA (BOH) was extracted from the
host after 1 week. Frozen sections of extracted samples were stained with hematoxylin and
eosin (H&E), purified rat anti-mouse CD45 (BD Pharmingen 550539), and alizarin red S (Sigma-

Aldrich, A5533).

4.4 Results

4.4.1 Mechanical and Optical Properties
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Following tensile rupture, the optically transparent PHEMA-PEGTA core remained attached to
the PHEMA-PEGDA (W) 2X skirt. PEGTA was used in the core instead of PEGDA because
PEGTA provides four acrylate groups for crosslinking. Four crosslinking groups were intended
to create a stable bond between the core and skirt; the core fused to the skirt during UV
polymerization. Crosslinking can also be increased by increasing PEGTA volumes, but reduced
transparency was observed in PHEMA-PEGTA gels made with higher volumes of PEGTA.
Copolymers containing up to 14% v/v PEGTA (from a 40% w/v aqueous stock solution)
transmitted = 90% of visible light in the 500 — 700 nm range (Fig. 2). Mechanical tensile data
showed the strength of the core — skirt connection (Fig. 3). The structures can sustain a
maximum of 74 + 4 kPa of stress (ultimate tensile strength) prior to rupture. The elastic
modulus and strain at rupture were 166 + 26 kPa, and 80 + 18 % respectively. For 4 out of 4

KPro samples, the core and skirt remained attached following tensile rupture.

49



100 - 100 -
95 -
90 -
85 -
S . 3
c 80 9 c
S S
T 75 E 5
z z
E 70 - E 70 7 —+—PHEMA (70%) - PEGTA
< 65 - PHEMA (70%) - PEGTA < 65 (7%) - EDGMA
(7%) . —=—PHEMA (70%) - PEGTA
60 > —==PHEMA (70%) - PEGTA 60 - (14%) - EDGMA
(14%)
55 | ——PHEMA (50%)- PEGTA 55 - PHEMA (40%) - PEGTA
(20%) (20%) - EDGMA
50 T T 1 50 T T 1
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 2. PHEMA-PEGTA copolymers can be designed to transmit greater than 90% of visible
light in the 500 — 700 nm range. The addition of EDGMA, a crosslinker, minimally influenced
transmittance. However, transmittance decreased with increased PEGTA concentration.
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Figure 3. A KPro composed of a porous PHEMA-PEGDA skirt and a transparent PHEMA.-
PEGTA core was mechanically tested in tension (A). For 4 out of 4 samples that were tested in
tension, the core and skirt remained attached following tensile rupture (B). The elastic modulus,
ultimate tensile strength, and strain at rupture were 166 + 26 kPa, 74 + 4 kPa, and 80 + 18 %
respectively (C).

4.4.2 In Vivo Tissue Ingrowth

Histology results demonstrated that PHEMA-PEGDA structures generate a mild immune
response and that tissues can grow into the open porous voids of PHEMA-PEGDA. Positive
CD45 staining confirmed the presence of leukocytes surrounding PHEMA-PEGDA (W) (Fig. 4).
However, the thin fibrous capsule surrounding PHEMA-PEGDA (W) indicates that the mouse
host is tolerating the implant. [41] The 20 ym thin fibrous layer at week 4 (Fig. 5A) was similar
to the cell response observed with medical grade silicone at week 4 in under the skin of a
mouse. [35] Following the removal of unreacted residues, we expected that all PHEMA-PEGDA
formulations would be equally well tolerated by the host. However, sucrose residue in PHEMA-
PEGDA (S) caused a heightened immune response compared to PHEMA-PEGDA (W) at week
4. Under the fibrous capsule surrounding PHEMA-PEGDA (S), foreign body type giant cells

developed (Fig. 5B). Cells that migrated into the surface pores of PHEMA-PEGDA (S) appear
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to be immune cells, but dermal tissue grew into the deep surface voids of PHEMA-PEGDA
(BOH) (Fig. 5C). Compared to the other two polymer samples, the tissue adjacent to PHEMA-
PEGDA (BOH) seemed less dense and non-fibrous in nature. PHEMA-PEGDA (BOH) samples
were extracted at 1 week due to injury from another animal. All other samples were extracted at
4 weeks. The shorter in vivo incubation time may explain the absence of a fibrous capsulation
in PHEMA-PEGDA (BOH). In vivo data from the three PHEMA-PEGDA samples shows that the
size of the open pores and the presence of porogen residue can impact cell migration into

PHEMA-PEGDA structures.

-

nuclei (blue)

200 um

Figure 4. Following a 4 week incubation in mice, PHEMA-PEGDA (W) samples were stained
with CD45. Antibodies against CD45 can be used to distinguish leukocytes from non-
hematopoietic cells. Positive CD45 staining identified leukocytes adjacent to the polymer
scaffold (A-C). Three sections taken from the scaffold show 3 different patterns of leukocyte
manifestation. Green represents leukocytes. Blue shows the DAPI stained nuclei of all cells
surrounding the copolymer. DAPI also stains the polymer.
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Figure 5. Following subcutaneous implantation in a mouse, porous PHEMA-PEGDA implants
were stained with H&E. Porogens used include water (A), sucrose (B), and benzyl alcohol (C).
The benzyl alcohol samples were extracted at 1 week due to injury from another animal. All
other samples were extracted at 4 weeks.
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Images of alizarin stained explants do not confirm calcification in PHEMA-PEGDA structure

(Fig. 6). Both Alizarin Red S and H&E and staining can detect calcium. Calcium stains orange-
red in Alizarin Red S stained samples, and it is blue-black in H&E stained samples [83] [84] [85]
A brownish-orange hue was observed in tissues adjacent to explanted PHEMA-PEGDA (W) and

PHEMA-PEGDA (S). However, H&E stained PHEMA-PEGDA samples did not present a blue-

black stain.
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Figure 6. Following subcutaneous incubation in a mouse, porous PHEMA-PEGDA implants
were stained with alizarin red S. Water (A), sucrose (B), and benzyl alcohol (C) were used as
porogens. The benzyl alcohol samples were extracted at 1 week due to injury from another
animal. All other samples were extracted at 4 weeks. Images Al — C1 were taken at 10X, and
A2 — C2 were taken at 40X.

4.5 Discussion

Images from mice show that porous PHEMA-PEGDA may be mechanically stable enough for
ocular implantation, but inadequate pore interconnectivity limited tissue ingrowth into the

copolymers (Fig. 5). Upon removal, the polymers did not appear to be weakened by the in vivo

experience, but few cells migrated into the body of the porous copolymers. Insufficient pore
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connectivity, and not pore size, is believed to have blocked widespread cell ingrowth.
Experiments with PHEMA sponges showed that as a minimum 10 — 20 um diameter pores
promote the incorporation of host tissue through cellular invasion and growth. [71] SEM images
show that the presented PHEMA-PEGDA (W) — 2X skirts provide much larger surface pores
(Sec. Il, Fig. 5) for cell ingrowth. While cell colonization throughout the body of the structure is
preferred for stable host integration, surface ingrowth could potentially provide a stable host
connection given sufficient mass transport via PHEMA-PEGDA and adequate cell adhesion to

the polymer structure.

PHEMA-PEGDA is cytocompatible and has low immunogenicity. The thin layer of leukocytes
surrounding the copolymers (Figs. 5A - B) and the absence of calcium deposits within the
copolymers suggest that the structures may be suitable for long term tissue engineering
applications. However, data from longer implantation times would permit a more conclusive
assessment. The host response to PHEMA-PEGDA, made with water porogen, was similar to
that of mice implanted with medical grade silicone. Medical grade silicone usually presents a
well-healed foreign body reaction after 4 weeks. Lynn et. al. report that the layer of
inflammatory cells surrounding silicone samples was approximately 20 — 40 um thin after 4

weeks. [35]

Neither H&E nor Alizarin red S detected calcium deposits on the PHEMA-PEGDA copolymer
structure itself. Orange-brown tinted stain was identified in segments of the tissue surrounding
copolymers made with water and sucrose porogen. Based on a similar orange-brown tint
observed in an alizarin red control for heart value tissue [86], the orange-brown identified in
Figure 6 could represent non-polymer related tissue mineralization. However, previously
published experiments with PHEMA indicate that the in vivo response to PHEMA-PEGDA is
organism dependent. [87] In vivo calcification of a polymer is influenced by the polymer itself,
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the implantation site, and the incubation time. [88] For in vivo polymers, polymer degradation
and the adsorption of plasma proteins to the polymer surface can initiate calcification. [89]
Given the 85% 18 year retention rate of the Osteo-Odont KPro, a device that contains a skirt
made of autologous tooth, [2] calcification in the skirt region is not expected to cause device
failure. However, calcification in the optic or core of the KPro can impede optical transparency.

[13]

4.6 Conclusion

PHEMA and PEG chains can be combined to create a mechanically stable and cytocompatible
core-skirt model KPro. The UTS of the core — skirt model KPro shows that it can maintain its
structure under intraocular pressure and blinking, but ophthalmological evaluation revealed that
the device cannot be sutured into place like a donor cornea. The device may be suitable for
suture-free implantation. Given the hydrophilicity of PHEMA and PEG, [20] [23] [38] [90]
surface conjugation of cell adhesion components will likely be required to achieve stable ocular
tissue attachment to the device, and the copolymer could potentially be modified to provide

sufficient mass transport for ingrown tissues.
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5. Salt Porogen Scaffold for Keratoprosthesis

5.1 Abstract

Artificial corneas or keratoprostheses (KPros) are designed to replace diseased or damaged
cornea. While many synthetic KPros have been developed, current products are often
inappropriate or inadequate for long term use due to ineffective host integration. This study
presents an alternative approach of engineering a KPro that comprises a combination of poly (2-
hydroxyethyl methacrylate) (PHEMA), poly (methyl methacrylate) (PMMA), and sodium chloride
(NaCl) as porogen. Based on the core-skirt model for KPro, the porous outer portion of the
KPro (skirt) was designed to promote tissue ingrowth from the host. The skirt was engineered
by combining NaCl with HEMA and MMA monomers. The central optic (core) was designed to
provide > 85% light transmission in the 500 — 700 nm visible wavelength range. Mechanical
tensile data indicated that our KPro (referred to as salt porogen KPro) is mechanically stable
enough to maintain its structure in the ocular environment and during implantation. Using
human corneal fibroblasts (HCFs), we demonstrate that the cells grew into the pores of the skirt
and proliferated, suggesting the biointegration can be achieved. This novel PHEMA-PMMA
copolymeric salt porogen KPro may offer a cornea replacement option that offers minimal risk of

corneal melting by permitting sufficient tissue ingrowth and mass transport.

5.2 Introduction

The presented KPro engineered with poly (2-hydroxyethyl methacrylate) (PHEMA) and poly
(methyl methacrylate) (PMMA) was designed to reduce incidents of tissue necrosis and provide
sufficient pore space for ocular tissue ingrowth. Both PHEMA and PMMA are frequently used
as biomaterials, and combinations of PHEMA and PMMA have been developed to create nerve
guidance channels, [91], dental implants, [92] intraocular lenses, [93] [94] [95], and KPros. [12]
[96] The salt porogen KPro appears to be unique to the publicly disclosed PHEMA-PMMA
based KPros that the authors identified. Espana et. al. developed a non-penetrated PHEMA-
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PMMA KPro that did not permit cell infiltration. [96] Guo et. al. created a PHEMA-PMMA KPro
that was tolerated in New Zealand white rabbits for up to 4 months. Their KPro design
comprised a transparent PHEMA-PMMA and a porous PHEMA sponge that was fused to the
porous PHEMA-PMMA flange that extended from the center transparent PHEMA-PMMA unit.
Vascularization and corneal cell ingrowth were observed in the device skirt. [12] Similar to the
Guo’s KPro, our current study presents a PHEMA-PMMA KPro that incorporates the core-skirt
model, [1] [2] [3] in which the core (or central transparent region) is designed to facilitate vision
while the porous skirt (outer rim) should permit tissue ingrowth. Unlike Guo’s KPro, our KPro
design applies an alternate fabrication technique by combining PHEMA and PMMA with sodium
chloride (NacCl) to create a porous skirt. The transparent core was made with either PHEMA or

PHEMA-PMMA.

Novel KPros comprising PHEMA and PMMA may facilitate biointegration and restore vision.
Tissue ingrowth and negligible inflammation were observed in the skirt of a PHEMA-PMMA
KPro. [12] A PHEMA- based KPro promoted vision and ocular tissue ingrowth by inducing cell
migration into porous PHEMA, but non-porous PHEMA was able to resist cell growth in
comparison. [8] [9] Either non-porous PHEMA or PMMA can serve as the KPro core, but cell
interaction with the polymers influence their long term clarity. While non- porous PMMA used in
KPros also resisted cell growth, the PMMA optics appear to be more susceptible to
retroprosthetic membrane than the PHEMA optics. [7] For PHEMA or PHEMA-PMMA, pore

structure is a major factor that influences device performance.

Corneal melting observed in clinical trials suggests that PHEMA sponges, like those used in the
AlphaCor and Guo et. al. KPros, may not permit sufficient host integration in diseased and/or
damaged corneal tissues. [8] [13] We therefore hypothesize that a PHEMA-PMMA skirt with
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sufficient mass transport and a pore structure that allows high volumes of tissue ingrowth may
potentially reduce incidences of tissue necrosis in KPros and encourage secure host integration.
However, additional polymer modifications may be required to facilitate long term device
function in diseased or damaged corneal tissues. [11] [14] [16] In this study, we evaluated the
corneal replacement potential of a unique copolymeric (PHEMA and PMMA) device. The salt
porogen KPro appears to be mechanically, structurally, and biologically suitable for vision

restoration and therefore represents a novel biomaterial to serve as an alternate KPro.

5.3 Methods

5.3.1 Making the Salt Porogen KPro

The salt porogen KPro was composed of PHEMA 70 % v/v (core) and porous PHEMA-PMMA
(skirt). A concentrated sodium chloride (NacCl) solution was added to MMA and HEMA to create
the highly porous PHEMA-PMMA structure that constitutes the KPro skirt. For the porous
PHEMA-PMMA skirt (PHEMA-PMMA NaCl), HEMA (Aldrich 525464) and MMA (Aldrich
M55909) monomers were combined with chemical initiators in a solvent consisting of a 6:1 ratio
of deionized water to dimethyformamide (DMF). The monomer solution included 10 % v/v
MMA, 46 % viv HEMA, 0.02 M pentaerythritol tetraacrylate (Aldrich 408263), 0.074 M NacCl,
0.12 M ammonium persulfate (Sigma), and 0.11 M N,N,N’,N'-tetramethylethylenediamine (Acros

Organics).

The following steps provide a full description for attaching the core and skirt. First, a cylinder
made of PHEMA 70 % v/v was added to the HEMA and MMA monomer solution (Fig. 1A); the
core fused to the skirt as the skirt polymerized at 37°C for 20 hours. To create the transparent
PHEMA 70% v/v cylinder, an aqueous solution containing 70 % v/v HEMA, 0.1 % v/v ethylene
glycol dimethacrylate (EGDMA) (Aldrich 335681), and 1 % w/v Irgacure 2959 (BASF 55047962)

was polymerized with UV light (365 nm long wave) for 40 min. To strengthen the bond between
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the PHEMA 70 % v/v core and the porous PHEMA-PMMA skirt, a layer of MMA was added to
the PHEMA cylinder using UV polymerization. The MMA surface functionalization process was
modified from a previously published paper. [32] DMF was used as solvent, but benzyl alcohol
and acrylic acid were excluded. Transparent PHEMA-PMMA can also be added to the KPro
skirt. A PHEMA 70 % viv— PMMA 7 % v/v core was added without incorporating the MMA
surface functionalization; a void was created in the skirt into which the PHEMA-PMMA core was

UV polymerized. Figure 1B illustrates the fabrication method.
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A

1. PHEMA 70% v/v was UV polymerized
to create an optically transparent core.

e Core

2. The surface of the core was modified
with MMA monomer.

3. The PHEMA core was inserted into a
solution of HEMA and MMA. The
solution polymerized to form the
porous PHEMA-PMMA skirt.

_ Skirt

4. The core —skirt cylinder was cut to
create thin disks (~ 0.5 mm thin).

The transparent
core permits vision
(no cells).

The porous skirt allows
tissue ingrowth.

1. The PHEMA-PMMA polymer sheet
was created.

Skirt N

2. PHEMA 70% v/v—PMMA 7% v/v was
UV polymerized into volds that were
cut into the polymer sheet.

Core
\

3. KPro devices were cut out of the
polymer sheet (~ 0.75 mm thin).

Figure 1. One KPro model was fabricated by inserting a UV polymerized PHEMA cylinder into a
solution of HEMA and MMA. The solution polymerized over 20 hours to form the porous
PHEMA-PMMA skirt of the KPro (A). The second KPro model was created by polymerizing a
PHEMA-PMMA core inside of a void in a thin porous PHEMA-PMMA skirt (B).
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5.3.2. Structural, Optical, and Chemical Characterization

To compare the structures of porous PHEMA-PMMA with or without the salt porogen, SEM
images of dehydrated polymers were generated using the S-3000N Variable Pressure SEM
(Hitachi). Prior to SEM imaging, polymer structures were laser ablated with gold using a Pulsed
Laser Deposition System (Excel Instruments). The SEM images were used to evaluate the
effects of porogens on the surface pore size using ImageJ 1.47c (NIH). ImageJ was used to
digitally process, threshold, and measure SEM images. Alternatively, the pore size was also
measured using Scanco model 50 micro CT system. Micro CT images of dehydrated polymers
were acquired with an X-ray tube voltage of 45 kV, current of 133 pA, 0.1 mm aluminum filter,
and 1500 ms integration time. Morphological measures were taken using the manufacturer’s
software. Data were obtained by analyzing three different scaffold regions of equal volume.
Each region consisted of 100 image layers of an approximately 0.6 mm? area. The percent
change in the pore characteristics following the addition of NaCl to PHEMA-PMMA was
calculated. The following equation was applied to the control and experimental (PHEMA-PMMA
NaCl) data sets: Percent Change in Pore Structure after Adding NaCl = 100 * [(Xnaci — Xcontrol)/
Xeontrol], Where X was (1) pore volume, (2) pore diameter, and (3) average separation distance
between pores. The optical transmittance of transparent PHEMA and PHEMA-PMMA (n = 8)
was measured with a Synergy HT Multi-Mode Microplate Reader (BioTek). Samples were

incubated in deionized water for 24 hours prior to optical testing.

Nuclear Magnetic Resonance (NMR) was used to evaluate the stability of porous PHEMA-
PMMA gel in aqueous solution. The gel was incubated in PBS for 3 days. Then, NMR
measures were taken from both the gel in PBS and a solution of HEMA and MMA monomers.
The ratio of HEMA to MMA in the monomer mixture was equal to the ratio of monomers used to
create porous PHEMA-PMMA gels per Section 5.3.1. Data was obtained per the NMR methods
listed in Chapter 4, Section I, 4.3.7.
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5.3.3. Tensile Testing

Hydrated porous PHEMA-PMMA and KPro samples (n = 4) were tested in tension using a
custom designed 100LM Test Resources mechanical testing machine (Test Resources Inc.,
Shakopee MN). Samples were tested at a strain rate of 0.2 mm/s using a calibrated WMC-10
load cell (Test Resources Inc.), which is fatigue-rated for 10 pounds of force in tension and
compression. Values taken from the tensile measures included elastic modulus (E), ultimate
tensile strength (UTS), and strain at rupture. E is measured in the elastic or linear region of the
stress vs. strain plot; E = stress/strain. UTS is the maximum stress response of a material
during tensile testing. The strain at rupture is simply the elongation of the sample at the point of
rupture. In this study, the elongation was reported as a percentage of the original length of the

sample.

5.3.4. Coating Polymers in Collagen Type |

The PHEMA-PMMA samples made with NaCl porogen were coated with rat tail collagen type |
(BD Bioscience) in preparation for in vitro experiments. The collagen type | coating was added
to enable cell adhesion and spreading. Samples were immersed in a collagen type | solution
(0.2 mg/mL) with 5 mM N (3-Dimethylaminopropyl)-N’—ethyl-carbodiimide (EDC) and 5 mM N-
hydroxysuccinimide (NHS); EDC and NHS were used to crosslink the collagen. After the
samples were removed from the solution, collagen gelled at 37 °C after 30 min. A monoclonal
antibody against collage type | (1:2000 dilution, Sigma-Aldrich C2456) was used to stain and

visualize the collagen fibers in the scaffold.

5.3.5 In Vitro Assessment

Primary human corneal fibroblasts (HCFs) were cultured in GIBCO MEM alpha media
(Invitrogen) with 10% fetal bovine serum (FBS) (Atlanta Biologicals) and 1% antibiotic-
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antimycotic solution (Sigma-Aldrich). Cells (6 x 10°) were added to the salt porogen PHEMA-
PMMA scaffold that was coated with collagen type I. The surface area of each circular polymer
disk was approximately 170 mm?, and the thickness of samples was approximately 600 pm. A
cell viability assay (Invitrogen L3224) was used to stain cells at days 4, 7, and 13. The depth of
cell growth was estimated using confocal microscopy and an image processor (ImagedJ). To
guantify the depth of cell growth into the salt porogen PHEMA-PMMA scaffold, images were
recorded at 4 distinct locations on the porous structure. For each time point, 5 depth measures
were taken from each image (n = 20). The depth of HCF growth was estimated based on the
deepest point of cell growth into the structure. Using the side projections, a total of 5 depth
measures were taken at approximately 20 um intervals from a center vertical line that marked
the deepest point of cell growth. An alamarBlue assay (Invitrogen) was used to evaluate the

HCF proliferation in the salt porogen scaffold.

5.3.6 In Vivo Testing

A four month old female C57BL/6 mouse was anesthetized with intraperitoneal injection of
ketamine (100 mg/kg) and xylazine (5 mg/kg). Four PHEMA-PMMA structures were
subcutaneously implanted in the back of the animal. The structures were extracted after 8 days.
Frozen sections of extracted samples were stained with hematoxylin and eosin (H&E) and

Purified Rat Anti-Mouse CD45 (BD Pharmingen 550539).

5.3.7 Statistical Analysis

MATLAB R2012a was used to perform statistical analysis at an alpha value of 0.05. Data are
reported using mean + standard error. For all mechanical measures, statistical significance was
determined using an independent t — test. ANOVA was used to assess the statistical
significance of cell proliferation and cell growth data. Rank Sum testing was used to evaluate
the statistical significance of pore measures taken from SEM images.
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5.4 Results

5.4.1 Structural and Chemical Characterization

SEM images show that phase separation induced by NaCl created a high density of pores in the
PHEMA-PMMA scaffold. When NaCl was excluded from the polymer formulation, the density of
macropores was reduced (Fig. 2A). Various concentrations of NaCl were tested to identify a
threshold that could induce phase separation. At the NaCl concentrations > 0.36 M, most of the
MMA appeared to fall out of the gel solution prior to polymerization. At a much lower
concentration (0.074 M), a highly porous PHEMA-PMMA structure was produced (Fig. 2B).
However, even with 0.074 M NacCl, vigorous mixing was required for approximately 2 minutes

following initiator addition to keep monomers and porogens in solution.

Without the salt porogen, the PHEMA-PMMA skirt demonstrated not only a lower density of
macropores but also the average pore size decreased. For example, the pore sizes measured
from SEM images show that the average area of pores in the PHEMA-PMMA skirt (0 M NacCl)
was about 1-fold or 100% smaller than that observed in the salt porogen PHEMA-PMMA skirt
(Fig. 2C). While the SEM images provide the surface pore structure, micro CT images
reconstruct and represent the 3D pore structure. We evaluated the effects of salt porogen on
3D pore structure using micro CT. Micro CT data from PHEMA-PMMA without salt (control; Fig.
3A) and with salt (0.074 M NaCl; Fig. 3B) show that the addition of salt porogen increased the
pore diameter by about 3-fold or 300%. The 2D pore area was expected to trend with to the 3D
pore volume. Both pore area and volume, consistent with that prediction, increased following
the addition of salt porogen to PHEMA-PMMA. In addition, the salt porogen decreased the

average separation distance between pores by approximately 60%, indicating a higher density
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of pores and lending support for improvement in the pore interconnectivity in the copolymeric

PHEMA-PMMA skirt.
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Figure 2. SEM images were taken of dehydrated PHEMA-PMMA made with and without NaCl.
PHEMA-PMMA (0 M NaCl) appeared to have a low density of larger pores (A) compared to
PHEMA-PMMA made with 0.074 M NaCl (B). Phase separation with NaCl added a higher
density of pores to PHEMA-PMMA. Surface pore measures taken from SEM images show that
average surface pores in PHEMA-PMMA are significantly smaller than pores in PHEMA-PMMA
NacCl (C).
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Percent Change in Pore Structure after adding NaCl

Pore Volume +1650%
Pore Diameter +291%
Separation between Pores -62%

Figure 3. Micro CT scans were used to compare the porosity of PHEMA-PMMA samples made
with and without salt (NaCl) porogen. Three distinct sections of each structure were used to
compare pore morphology (n = 3). PHEMA-PMMA served as the control (A). The addition of
NaCl to PHEMA-PMMA, PHEMA-PMMA NacCl (B), resulted in larger pore volumes and
diameters compared to the control. The decrease in separation of pores shows that NaCl
created a higher density of pores in PHEMA-PMMA. The table below the micro CT images
shows the percent change in pore structure in PHEMA-PMMA NaCl compared to the control.
“+” denotes an increase compared to the control while “-” denotes a decrease compared to the
control.

Figure 4 shows high resolution **C NMR spectra at 8.45 T (*H freq. 360 MHz) for a solution of
HEMA and MMA (Fig. 4A) and a PHEMA-PMMA NacCl gel soaked in PBS for three days (Fig.
4B). The peak assignments for spectral lines are based on both published literature [66] [97]
and general NMR references [67] [68]. The spectra in Figure 4A show that the HEMA and MMA
units in solution are not chemically connected as all of the peaks can be assigned to individual
components. Figure 4B shows the spectra of the gel in PBS. Most polymeric units of porous
PHEMA-PMMA appeared to remain stably linked in PBS. The CH; and °CH; peaks of MMA are
visible in the gel spectra with the line width ~ 483 Hz and ~ 150 Hz, respectively. These peaks

have line widths of 2.6 and 1.3 Hz respectively in the liquid samples. Because of high noise

level and broad signal in the gel sample, it seems that the signal is coming from the gel and not
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from the leaching of MMA in PBS. Figure 4B appears to show that the CH; groups from MMA
are mobile, but further study with varying temperature and relaxation measurements are needed
to confirm this. Overall, the available data suggests that the polymer units of the PHEMA-
PMMA gel remain linked in aqueous solution. This is advantageous for in vitro or in vivo

applications when the structural stability of the gel is preferred.
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Figure 4. Signals observed in the HEMA and MMA solution (A) were not present in the porous
PHEMA-PMMA NacCl gel (B). Most polymeric units of the gel appeared to remain stably linked
in PBS. CH; groups of MMA appeared to have some mobility in the gel sample.

67



5.4.2 Tensile Testing

Tensile stresses measured over a range of strain values characterize the mechanical properties
of the KPro (Fig. 5). The tensile stress-strain relationship is shown for the KPro that contains
the PHEMA 70% v/v core (Fig. 5A - C). The strain value at rupture, 108 + 8 % (n = 4), indicates
that KPros made with the PHEMA core are ductile. For comparison purpose, copolymeric skirts
alone without a core were subjected to the mechanical testing. The skirt alone was significantly
stiffer than the full KPro. The elastic moduli were 678 + 72 and 335 + 87 kPa for the skirt alone
and KPro, respectively (p = 0.02; Fig. 5B). However, the KPro and the skirt had statistically
similar ultimate tensile strengths (UTS); UTS measures were 128 + 35 and 125 + 25 kPa for the
KPro and skirt, respectively (Fig. 5C). Tensile testing characterized both the mechanical
properties of the polymer structures and strength of the core skirt connection in the KPro. A
photo taken following the tensile rupture of a KPro illustrated that the PHEMA core and PHEMA-
PMMA skirt are fused together (Fig. 5D). In 4 out of 4 samples, the core and skirt remained
connected during the application of tensile force and following tensile rupture. As a potential
alternative formulation for the KPro core, we constructed a PHEMA 70 % v/iv — PMMA 7 % v/v
core. Tensile testing data showed that the salt porogen KPro with this alternate core also had a
stable attachment to the skirt (Fig. 5E). It appears clear that KPros made with either PHEMA or
PHEMA-PMMA cores are mechanically and structurally stable enough as to resist rupture under

ocular forces.
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Figure 5. Tensile stresses measured over a range of strain values characterize the mechanical
properties of the KPro made with a PHEMA 70 % v/v core (A - C). “X” marks the point of
sample rupture under tensile stress (A). The PHEMA-PMMA skirt was significantly stiffer than
the KPro (B). The KPro and the skirt of the KPro had a statistically similar UTS (C). A photo
taken after KPro rupture illustrates that the PHEMA core and PHEMA-PMMA skirt were fused
together (D). In 4 out of 4 samples, the core and skirt remained connected during the
application of tensile force and following tensile rupture. The salt porogen KPro can be also be
made with a transparent PHEMA 70 % v/v — PMMA 7 % v/v core. Following tensile rupture, the
PHEMA-PMMA core remained fused to the skirt in 4 out of 4 samples (E).

5.4.3 Optical Transparency

The optical transparency of the KPro core was evaluated by measuring the transmittance of
visible light (n = 8). The core of the KPro can be either PHEMA alone or a combination of

PHEMA-PMMA. Optical measurements show that both the PHEMA or PHEMA-PMMA cores
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can permit approximately 85 % transmittance of visual light in the 500 — 700 nm range (Fig. 6).
However, the addition of PMMA > 20 % v/v to PHEMA 70 % v/v reduced the light transmittance
to below 80 %. While the most stable fusion of a core to the skirt was observed when the
polymer compositions of the core and skirt were similar, higher amounts of PMMA in the core

tended to reduce optical transparency.
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Figure 6. The optically transparent core of the KPro can be made with PHEMA or PHEMA-
PMMA (n = 8). Both cores can permit approximately 85 % transmittance of visual light in the
500 — 700 nm range. However, the addition of PMMA 21 % v/v to PHEMA 70 % v/v reduced
visible light transmittance to below 80 %.
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5.4.4 In Vitro Cell Response to KPro

Human corneal fibroblasts (HCFs) proliferated and grew into the pores of the KPro skirt (Fig. 7),
but the engineered cores did not permit cell ingrowth, as expected. The absence of micropores
rendered the core both transparent and impermeable to cell penetration. However, in vitro cell
ingrowth and proliferation in the salt porogen skirt suggests that the porous structure may
facilitate in vivo tissue ingrowth. A collagen type | coating that was added to the polymer
structure to enable in vitro cell spreading and enhance cell attachment. Cell proliferation
measured with an alamarBlue assay showed a statistically significant increase in live cells from
day 0 to 8, followed by no additional increase up to day 13 (n = 3; Fig. 7A). Next, the depth of
cell penetration was quantified using confocal microscopy. As shown in Fig. 7B, the cells were
able penetrate into the skirt up to approximately 60 um 8 days following the initial cell seeding,
but no additional cell penetration was observed when monitored up to day 13. To enhance
cellular imaging, live cells were visualized with calcein AM (green fluorescence). Ethidium
homodimer is designed to diffuse into dead cells and fluoresce them in red. While few dead
cells were found in the salt porogen PHEMA-PMMA skirt, it was discovered that ethidium
homodimer stains the polymer structure and provides images of pores in the skirt. Cell
penetration/migration studies were quantitatively determined by reconstructing the side
projections of confocal images at different days (Fig. 7C to 7E). The depth of HCF growth was
estimated based on the deepest point of cell penetration into the structure. Using 4
reconstructed side projections, a total of 5 depth measures were taken at approximately 20 pm
intervals from a center vertical line that marked the deepest point of cell growth (n = 20). To
confirm the presence of collagen in the skirt, antibodies against the collagen type | were applied
and fluorescently visualized (Fig. 7F). Representative images of live cells along with the pore
structure at days 4 (Fig. 7G), 8 (Fig. 7H), and 13 (Fig 71) correspond to the cell proliferation data

(Fig. 7A). Taken together, in vitro HCF proliferation and growth into the porous skirt provide
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good evidence that this uniquely designed salt porogen copolymeric KPro may potentially permit

in vivo cell ingrowth.
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Figure 7. HCF proliferation on PHEMA-PMMA made with NaCl was observed using alamarBlue
(A). The fluorescent signal is larger when larger numbers of cells are present; therefore, the
fluorescent signal can be used to evaluate cell proliferation. The increase in live cells from day
0 to 8 and day 0 to 13 was statistically significant per ANOVA (n = 3). Horizontal bars indicate
the statistically significant relationships. The estimated depth of cell growth into the structure
significantly increased from day 4 to 8; the depth of growth also increased significantly from day
4t0 13 (B). The depth of HCF growth was estimated based on the deepest point of cell growth
into the structure. Using 4 side projections, a total of 5 depth measures were taken at 20 um
intervals from a center vertical line that marked the deepest point of cell growth (n = 20). Side
projections of HCFs in the porous structure show live cells, in green, at days 4 (C), 8 (D), and 13
(E). Ethidium homodimer, which is designed to stain dead cells red, also stains the polymer
structure. The collagen type | coating that was added to the structure is shown in white (F).
Representative overhead views of live cell growth at days 4 (G), 8 (H), and 13 (I) correspond to
the cell proliferation data measured using alamarBlue.
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5.4.5 Subcutaneous Implantation

PHEMA-PMMA structures, made without NaCl, permit some cell ingrowth and generate a mild
immune response. Given the implantation site, dermal cells are expected to be the majority cell
type. Although interconnected pores are not apparent in PHEMA-PMMA (Fig. 2A), a small
amount of cell ingrowth into the body of the structure was observed following 8 days of
implantation under the skin of a mouse (Fig. 8). Since cell ingrowth was achieved with this level
of porosity, pores produced by saline based phase separation (Fig. 2B) could lead to greater
amounts of cell ingrowth. Positive CD 45 staining confirmed the presence of leukocytes

surrounding the PHEMA-PMMA implant (Fig. 9). However, leukocytes are expected at this

stage due to the acute immune response. [98]

Figure 8. Although interconnected pores are not apparent in the SEM image of dehydrated
PHEMA-PMMA, a small amount of cell ingrowth into the body of the structure was observed
following 8 days of implantation under the skin of a mouse (A, B). This suggests that the
addition pores produced with salt could lead to greater amounts of cell ingrowth.
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Figure 9. The presence of leukocytes confirms that the implant generated an immune response
in the mouse host. Nuclei are labeled with DAPI in blue, and CD45 staining is labeled with
green. Light blue coloring shows overlapping nuclei and CD45. Positive CD45 staining
identifies the presence of leukocytes.

5.5 Discussion

PHEMA and PMMA were successfully combined to create a core-skirt model KPro that resists
adverse events, including rupture or core-skirt separation, while permitting vision and cell
ingrowth into the KPro skirt. Salt porogen was utilized to engineer a porous skirt that enabled
cell penetration while creating a mechanically and structurally secure connection between the
core and the skirt. Several imaging modalities as well as in vitro cell studies were performed to
characterize this novel KPro. A comparison of the SEM data (Fig. 2) with the micro CT data
(Fig. 3) shows that the micro CT scans underestimate the pore sizes. Dehydrated polymers
were scanned in air to enhance the micro CT image signal, but low x-ray attenuation of the
polymer samples reduced the image signal. [99] In addition to poor signal-to-noise ratio which
is believed to be the main contributor to the underestimation of pore size, the sphere fitting
method that was applied to analyze micro CT images might have underestimated the pore size
as well. However, previous studies with polymers and micro CT suggest that the resulting micro

CT data provides a reliable comparison of the two pore structures due to the equivalent micro

CT scanning parameters and thresholding techniques. [100] [101] We adhered to the same
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micro CT scanning parameters for each of the two porous PHEMA-PMMA samples (Fig. 3), and
the micro CT comparison reported in Figure 3 is consistent with the results obtained from the

SEM image analysis in Figure 2.

The mass transport of nutrients through the porous polymer structure is imperative for the
vitality of ingrown tissue. A relationship between mass transport and aqueous fluid uptake has
been established for hydrogels. [20] [102] After rehydrating salt porogen PHEMA-PMMA in
PBS, its thickness increased by 15 %. The maximum PBS uptake of the skirt was measured
using the weight of samples at dehydration and the weight following complete hydration in PBS.
Following hydration, the weight of salt porogen PHEMA-PMMA increased by 67 %. The
equilibrium water content of salt porogen PHEMA-PMMA may enhance the transport of water

soluble nutrients.

PHEMA and PMMA were combined to create a suturable and flexible KPro. Mechanical tensile
data (Fig. 5) indicated that the KPro can comfortably maintain its structure in the ocular
environment while permitting cell ingrowth. PMMA, which has been used in hard contact
lenses, [103] gives the copolymer its strength, while PHEMA provides the copolymer its ductility.
Lou et. al. showed that PHEMA sponges are mechanically soft and ductile. [104] MMA and
HEMA monomers can be adjusted to tailor the mechanical properties of a PHEMA-PMMA
copolymer. [70] [91] In our study, KPro models were designed to sustain blinking forces and
intraocular pressure because eyelid movement and intraocular pressure are major forces that
the corneal implant is expected to encounter. The natural tear film can minimize shear forces
between the eyelid and the PHEMA optic of the KPro during blinking. [105] [106] PHEMA is
used in contact lenses because of its favorable tear film wettability. [103] Reports concerning

the ocular response to PHEMA and PMMA [2] [96] and mechanical data (Fig. 5) suggest that
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the novel KPro may sustain intraocular pressure and resist mechanical rupture. For example,
average intraocular pressure is only up to 2 - 4 kPa, [107] [108] which falls well below the UTS
of the KPro (Fig. 5C). High elastic modulus (Fig. 4B) and UTS indicate that the device should
resist rupture during and following implantation. Similar to other KPro models, [2] [5] the
presented artificial cornea does not perfectly match the mechanical properties of natural human
cornea. [109] [110] [111] However, results from previously published KPro designs indicate that
corneal tissues can integrate structures (e.g., biointegration) that possess a range of

mechanical properties. [2] [9] [16] [15]

The degree of pore interconnectivity and aqueous swelling in the KPro is expected to influence
mass transport and host integration. Since the KPro core is small, it is expected to make an
insignificant contribution to gas and nutrient exchange. Studies with contact lenses suggest that
the low water content of the PHEMA 70% v/v core will yield low oxygen permeability. [95]
However, a KPro with effective host integration into the skirt can achieve long term stability in
the absence of physiologically equivalent mass transport in the core. [1] [2] [4] Depending on its
pore interconnectivity, a combination of tissue ingrowth and mass transport in the skirt may be
required for the long term retention of the KPro. Based on ocular tissue ingrowth into synthetic
porous structures, we predict that tissue ingrowth into a highly interconnected porous structure
could provide sufficient mass transport via the network of tissue, but a less interconnected pore
structure would limit the tissue network in the skirt. [9] [15] [112] Therefore, a less
interconnected skirt structure would rely more on gas and nutrient exchange via the polymer
structure of the skirt. Bulk aqueous regions created by pores can aid the transport of water
soluble agents that are imperative for the maintenance of ingrown tissues, [102] and increasing
the water content of a hydrogel can increase the diffusion coefficient of a water soluble through
a hydrogel. [20] Following hydration with PBS, the weight of salt porogen PHEMA-PMMA
increased by 67 %. Given the cell penetration into the skirt, the pore structure together with the
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aqueous swelling capacity may enable the long term vitality of integrated tissue. Since the
diffusion coefficient may vary as a function of the distance of travel, [98] minimizing the
thickness of the KPro skirt could enhance mass transport. While structural (Figs. 2 and 3) and
in vitro (Fig. 7) assessments of the KPro suggest that pore structure and bulk aqueous content
could potentially promote stable host integration, pre-clinical ocular implantation can provide a

more complete assessment of the in vivo performance of the device.

The ocular response to non-porous PHEMA (i.e., core) indicates that the KPro model developed
and reported in this manuscript may resist cell growth into its non-porous core, thereby
preserving an unobstructed path for vision. Studies with the AlphaCor KPro showed reduced
cell growth on the non-porous PHEMA core compared to the porous PHEMA skirt. [2] [8] [13] If
the KPro optics remain relatively free of cell growth, light transmittance in the visible wavelength
range through PHEMA and selected PHEMA-PMMA cores (Fig. 6) could approximate that of
natural cornea. Approximately 90 to 95 % transmittance of visible light, 400 - 550 nm
wavelength, was observed for rabbit cornea, [113] and up to 85 % transmittance in human
cornea. [114] Limiting uncontrolled cell growth on the KPro optic or core aids the proper
function of the KPro as uncontrolled cell grow can opacify the optic. For example,
retroprosthetic membrane is a cell-mediated opacification of the KPro optic. PMMA cores or
optics have been used in several KPro models, [2] but our KPro model uses a PHEMA or
PHEMA-PMMA optic because fewer incidents of retroprosthetic membrane were reported for
PHEMA optics. [8] [9] [7] Increased retroprosthetic membrane in PMMA could be attributed to
its greater hydrophobicity compared to PHEMA. Surface hydrophobicity favors protein
adsorption which aids cell attachment in vivo. [29] [98] [115] [116] However, calcification
reported in PHEMA optics could potentially offset the benefits of reduced retroprosthetic

membrane. [8] If a combination of PHEMA and PMMA demonstrates more resistance to
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calcification compared to PHEMA, the PHEMA-PMMA core could prove to be a better long term

choice.

Calcification is a potential in vivo complication for PHEMA based KPros. [117] For in vivo
polymers, polymer degradation and the adsorption of plasma proteins to the polymer surface
can initiate calcification. [89] The calcification in the KPros optic or core can potentially be
reduced by the addition of PMMA and the reduction surface flaws in the optic. In vivo
calcification of a polymer is influenced by the polymer itself, the implantation site, and the
incubation time. [88] PMMA may be less susceptible to calcification than PHEMA. After 30
days of intramuscular implantation, an energy-dispersive x-ray spectroscopy (EDS) histogram
did not detect calcium or phosphorous containing deposits on PMMA. The PMMA sample was
non-porous, and it had surface irregularities. [88] On the other hand, surface flaws can impact
calcification in PHEMA. Both surface flaws and pore size influence calcium deposition in
PHEMA. [117] Surface flaws enhance the nucleation and growth of calcium crystals. Pore size
affects Ca** diffusion and is therefore a factor that influences calcium deposition. [117] Bone
formation has been observed in microporous, approximately 20 um in diameter, PHEMA
structures following 4 weeks of implantation into the fat tissue of a pig. [118] In PHEMA
sponges with nanosized pores, bulk calcification may result from the diffusion of Ca®* into the
body of the sponge. [119] Copolymerization of PHEMA with ethyl methacrylate (EMA), N-
vinylpyrrolidone (NVP), or styrene (St) did not eliminate calcification in a Zainuddin et. al. study.
PHEMA copolymers including P(HEMA-co-EMA), P(HEMA-co-NVP), and P(HEMA-co-St))
experienced calcification at 1 to 9 weeks in simulated body fluid. [119] However, the influence
of the ratio of monomers in the copolymer was not examined. Further testing is required to
determine if the PHEMA : PMMA ratios used in the presented KPros can minimize in vivo

calcification in the KPro optic..
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Biofilm formation is another major threat to the KPro optic and overall device retention.
Rhamnolipids are instrumental in biofilm formation on KPros. They are surface active
glycolipids that are produced by a variety of bacterial species, including Pseudomonas
aeruginosa. Lipopolysaccharide excretion induced by rhamnolipids creates a more hydrophobic
polymer surface thereby increasing the adhesion of proteins, and rhamnolipids help to optimize
bacterial migration which is essential for biofilm development. [120] Biofilm formation on
synthetic implants can result in infection. [121] It predisposes a KPro user to infection because
biofilm favors microbe growth and compromises the efficacy of the immune response. The
synthetic core component of the PHEMA-PMMA based KPro, which will experience long term
exposure to the environment, is expected to be most susceptible to biofilm formation. Biofilm
formation has been reported on a variety of hydrogel based contact lens, including the HEMA
based polymacon lens. [122] [123] Surface conjugation of an antibacterial agent reduced
biofilm formation on the PMMA based Boston KPro. [124] The addition of a cytocompatible
antimicrobial coating may inhibit biofilm formation on PHEMA-PMMA based KPros, thereby

enhancing the longevity of the devices.

The addition of a corneal epithelial layer to the KPro can potentially reduce biofilm formation and
infection. A number of groups have proposed epithelialization methods for synthetic polymer
gels. [115] [19] [29] This can be accomplished using ECM proteins or peptides. [1]
Carbonyldiimidazole (CDI) treatment can be used to covalently attach collagen type | to the
PHEMA-PMMA. [54] Since collagen type | constitutes approximately 70% of the dry weight of
corneal stroma, the collagen type | coating may sufficiently mimic the natural environment of
corneal cells. Alternatively, aminosilane coupling followed by the addition of SAND (a photo-
reactive crosslinker) may enable collagen type | crosslinking to PHEMA-PMMA. [125] The
surface of the KPro can also be modified with peptides. Peptide modification of biomaterials is
a widely used technique. [126] Aucoin et. al. demonstrated greater adhesion of corneal
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epithelial cells when the polydimethyl siloxane (PDMS) surface was modified with a combination
of YIGSR and PDSGR as compared to single peptide modification. [127] Acrylated YIGSR and
PDSGR could be covalently attached to a PHEMA-PMMA gel via UV polymerization. [32] An
alternative method involves surface conjugation via tresyl chloride chemistry [127]. Previous
studies with peptides suggest that a range of peptide concentrations can be employed to
achieve cell adhesion. [46] [128] [129] [40] [81] Researchers continue to investigate methods to
create a stable epithelial layer over a KPro optic that permits physiologically relevant mass
transport. The PHEMA and PHEMA-PMMA based optics presented here require modification in
order to permit physiologically appropriate mass transport, but methods to enable cell growth

are known.

5.6 Conclusion

The salt porogen KPro design includes a highly porous PHEMA-PMMA structure to permit cell
ingrowth, and the central transparent core can consist of PHEMA or a PHEMA-PMMA
copolymer. Mechanical data indicates that the device can sustain ocular forces and maintain its
structure during surgical handling such as suturing onto the patient’s eye. The PHEMA alone or
PHEMA-PMMA cores, both capable of being fused to the skirt, permit physiologically relevant
optical transparency. Structural and in vitro biointegration data suggest that the KPro skirt can
potentially facilitate cell ingrowth in vivo. This novel salt porogen PHEMA-PMMA KPro may
offer a cornea replacement option that minimizes incidents of corneal melting by enhancing

stable tissue integration and mass transport.
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6. Gas Foamed Scaffold for Keratoprosthesis

6.1 Abstract

Artificial corneas or keratoprostheses (KPros) are intended to replace diseased or damaged
cornea in the event that vision cannot be restored using donor cornea tissue. A new class of
artificial cornea comprising a combination of poly (2-hydroxyethyl methacrylate) (PHEMA) and
poly (methyl methacrylate) (PMMA) was developed which was fabricated using a gas foaming
technique. Referred to as the gas-foamed KPro, it was designed to permit clear vision and
secure host biointegration to facilitate long-term stability of the device. In vitro assessments
show cell growth into the body of the porous edge or skirt of the gas-foamed KPro. The
optically transparent center (i.e., core) of the device demonstrates 85 — 90 % of light
transmittance in the 500 — 700 nm wavelength range. Mechanical tensile data indicates that the
gas-foamed KPro is mechanically stable enough to maintain its structure in the ocular
environment and also during implantation. The gas-foamed KPro may provide an alternate
option for cornea replacement that minimizes post implantation tissue melting, thereby

achieving long-term stability in the ocular environment.

6.2 Introduction

An inadequate keratoprosthesis design can result in extrusion, necrosis, increased intraocular
pressure, or infection. [1] [2] [4] Conversely, a well-designed artificial cornea would comprise
mechanically stable and non-toxic materials to facilitate long term biointegration with the host.
This report presents a novel synthetic KPro for full thickness keratoplasty. The KPro is
composed of poly (2-hydroxyethyl methacrylate) (PHEMA) and poly (methyl methacrylate)
(PHEMA-PMMA). This study demonstrates that the newly engineered PHEMA-PMMA KPro,
referred to as the gas-foamed KPro, is biocompatible, optically transparent, and mechanically

strong enough to maintain its structure in the ocular environment.
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Typical KPro designs follow a core-skirt model in which an optically transparent core permits
vision while a porous skirt allows for tissue ingrowth. [1] [2] [4] This is a challenging engineering
task because uncontrolled cell growth and debris adsorption on the core should be discouraged
to maintain its optical clarity, while the opaque porous skirt (e.g., outer rim of the KPro) is
designed to promote tissue ingrowth. When implanted, biointegration achieved through tissue
ingrowth into the device is imperative for long term retention in the patient’s eye. A technique
known as gas foaming may benefit KPro designs because the gas foaming of hydrogels is
known for generating interconnected pores during polymerization. [42] KPro skirts that permit
biointegration may then be created by at least two methodologies. First, an interconnected pore
structure can be introduced to a synthetic polymer that has ocular compatibility. [2] [4] Second,
natural polymers, such as collagen or decellularized animal tissue, can be used as KPro skirts.
[21] [130] Synthetic polymers, PHEMA and PMMA, allowed us to create a mechanically stable
KPro that may benefit patients who are immunologically sensitive to donor cornea or foreign
biological material. Synthetic tissue engineering scaffolds also permit a high level of control
over mechanical properties, geometry, and biological interaction. [23] [24] Both the ocular
compatibility and pore interconnectivity of KPro skirts appear to be major determinants of long

term KPro stability.

Clinical outcomes for other core-skirt KPros such as AlphaCor, Seoul Type, and Pintucci
indicate that device performance depends on both device design and patient selection. The
aforementioned KPros include a core made of either PHEMA or PMMA. Both transparent
PHEMA and PMMA cores can permit vision. However, long term vision restoration depends on
KPro retention in the host, and the skirt’s ability to promote tissue ingrowth influences device
retention. [1] [2] The AlphaCor KPro, a PHEMA-based device which consists of a center optic
surrounded by a porous rim or skirt, [1] appeared to enhance cell ingrowth following
implantation into rabbit cornea. [9] An electron micrograph illustrated the pore structure of the
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skirt into which cells migrated. However, a 2005 clinical trial composed of patients with
preexisting ocular conditions reported that 8 out of the 14 AlphaCor devices were removed due
to corneal tissue melting anterior to the device. [8] Tissue melting could result from inadequate
host integration or excessive inflammation. [13] Similar to AlphaCor, the performance of the
Seoul Type was influenced by patient selection. The device includes a PMMA optic and a skirt
made of polyurethane, polypropylene, or polytetrafluoroethylene. [1] [14] SEM images indicate
that the skirt of the device has pores of 30 um or greater that appear to be interconnected. In
preclinical trials, fibroblast ingrowth and collagen deposition were observed on devices that use
the polypropylene and polyurethane skirts [15], but in clinical trials with patients with preexisting
ocular conditions, anatomic retention at 68 months was 67 %. Eventually all devices developed
corneal melt leading to full exposure of the skirt. [1] [2] Increased tissue melting in the Seoul
Type KPro compared to AlphaCor suggests that the PHEMA skirt is better tolerated in the
cornea than polymers used in the Seoul Type KPro. Like the Seoul Type and AlphaCor KPros,
Pintucci triggered complications including corneal melting. Its dacron membrane permitted
tissue ingrowth in patients with preexisting ocular conditions, but 2 out of 20 devices extruded.
13 out of 20 patients maintained improved visual acuity for more than 2 years. [16] Necrosis of
the mucous membrane anterior to the device skirt was reported for 50% of patients. [4] A 1996
study reported that 60% Pintucci KPro recipients developed mucous membrane pemphigoid, [2]
which is an autoimmune disease that can result in vision loss. [17] Clinical data from synthetic
KPros show that both materials selection and device design are imperative for long term host

retention.

The use of gas foamed PHEMA-PMMA represents a novel approach to create a mechanically
and structurally effective artificial cornea that could potentially promote long term host
integration. The biomaterial selection was inspired by the long-term clinical performance of
PMMA in the Boston KPro, [4] rabbit corneal epithelial cell proliferation on PHEMA-PMMA, [131]
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and the in vivo response to PHEMA-PMMA copolymers in the ocular lens. [94] Since a previous
in vivo study indicated that pore interconnectivity in a gas foamed structure facilitates tissue
ingrowth throughout the body of the structure, [42] pores were introduced to PHEMA-PMMA
using a gas foaming technique. This study presents a structural and material design that may

permit stable host integration while maintaining a healthy immune response.

6.3 Methods

6.3.1 Engineering the Gas-Foamed KPro

The KPro was fabricated by foaming a PHEMA-PMMA copolymer around a UV polymerized
PHEMA cylinder (Fig. 1A). Briefly, to create a transparent PHEMA 70% v/v cylinder that serves
as the core, an aqueous solution containing 70 % v/iv HEMA (Aldrich 477028), 0.1 % v/v
ethylene glycol dimethacrylate (EGDMA) (Aldrich 335681), and 1 % w/v Irgacure 2959 (BASF
55047962) was polymerized with UV light (365 nm long wave) for 40 min. For the porous
PHEMA-PMMA skirt, HEMA and MMA (Aldrich M55909) monomers were combined with
chemical initiators in a solvent consisting of a 1.5 to 1 ratio of deionized water to
dimethyformamide (DMF). The monomer solution included 19 % v/iv MMA, 37 % viv HEMA,
0.014 % wi/v (g/mL) pentaerythritol tetraacrylate (Aldrich 408263), 0.012 % w/v Pluronic PF-127
(Anatrace), 0.027 % w/v ammonium persulfate (Sigma), and 0.013 % v/v N,N,N’,N'-
Tetramethylethylenediamine (Acros Organics). The monomer solution was added to a Chemrus
disposable filter funnel. Then, nitrogen gas was pushed through the filter funnel at
approximately 10 kPa for 5.5 min to add pores to PHEMA-PMMA. Prior to introducing nitrogen
to PHEMA-PMMA, a transparent PHEMA cylinder with a surface modification was added to the
filter funnel. To strengthen the bond between the PHEMA core and the porous PHEMA-PMMA
skirt, a layer of MMA was added to the PHEMA cylinder using UV polymerization. The MMA
surface functionalization process was a maodification of a method published by Lee et. al. [32]
and uses DMF as the solvent in the monomer solution; unlike the Lee. et. al. protocol, benzyl

84



alcohol and acrylic acid were excluded from the monomer solution. After porous PHEMA-
PMMA was added to the transparent PHEMA, the product was cured in 37°C oven for 20 hours.
Prior to cutting the large Gas KPro cylinders into ~ 0.5 mm disks with a microtome, the cylinders
were rinsed in aqueous ethanol solutions in two different concentrations (10% and 20%) and
finally hydrated in deionized water. An image of the completed gas-foamed KPro shows a

transparent core connected to a porous skirt (Fig. 1B).
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A

1. PHEMA 70% v/v was UV polymerized
to create an optically transparent core.

./Core

2. The surface of the core was modified
with MMA monomer.

3. PHEMA-PMMA copolymer (HEMA :
MMA =1:2)was foamed around the
core using nitrogen gas. It was
polymerized at 37°C for 20 hours.

_ Skirt

4, The core — skirt cylinder was cut to
create thin disks (~ 0.5 mm thin).

The transparent
core permits vision
(no cells).

The porous skirt allows
tissue ingrowth.

Figure 1. The KPro was fabricated by foaming a PHEMA-PMMA copolymer around a UV
polymerized PHEMA cylinder (A). The transparent core is easy to distinguish from the white
porous skirt (B).
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6.3.2 Structural and Optical Characterization

To observe the pore structure of gas foamed and non-gas foamed PHEMA-PMMA, SEM
images of the polymers were generated using a S-3000N Variable Pressure SEM (Hitachi).
Pore size was measured using the Scanco model 50 micro CT system. Micro CT data was
acquired with an X-ray tube voltage of 45 kV, current of 133 pA, 0.1 mm aluminum filter, and
1500 ms integration time. Pore size measures were taken using the software included in the
Scanco micro CT system; data was obtained by analyzing three scaffold regions of equal

volume.

The optical transmittance of transparent PHEMA 70% v/v (n = 8) was measured with a Synergy
HT Multi-Mode Microplate Reader (BioTek). Transmittance was measured for three sample
groups (n = 8): PHEMA 70% v/v, PHEMA 70% v/v subjected to cell culture conditions, and
PHEMA 70% v/v seeded with primary human corneal fibroblasts (HCFs). PHEMA 70% v/v
samples were seeded with 1500 HCFs per well in a 96 well plate. After 7 days of cell growth,
transmittance was measured. The control samples were non-cell seeded polymers that were
subjected to the 7 day cell culture process. Polymer samples were covered in fresh PBS during
measurements; therefore, absorbance values for wells that contained PBS were subtracted

from the polymer samples’ absorbance values.

6.3.3 Tensile Testing

Hydrated porous PHEMA-PMMA and gas-foamed KPro samples (n = 4) were tested in tension
using a custom designed 100LM Test Resources mechanical testing machine (Test Resources
Inc., Shakopee MN). Average sample dimensions were approximately 7.0 x 6.0 mm and 3.6
mm depth for porous PHEMA-PMMA. In the tensile testing clamps, the average dimensions of
the disk shaped Gas KPros were 5.6 x 14.2 mm and 1.3 mm depth. Samples were tested at a
strain rate of 0.2 mm/s using a calibrated WMC-10 load cell (Test Resources Inc.), which is
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fatigue-rated for 10 pounds of force in tension and compression. Values taken from the tensile
measures included elastic modulus (E), ultimate tensile strength (UTS), and strain at rupture. E
is measured in the elastic or linear region of the stress vs. strain plot; E = stress/strain. UTS is
the maximum stress response of a material during tensile testing. The strain at rupture is simply
the elongation of the sample at the point of rupture. In this study, the elongation was reported

as a percentage of the original length of the sample.

6.3.4 Coating Gas-Foamed KPros in Collagen Type |

The gas-foamed KPros were coated with rat tail collagen type | (BD Bioscience) in preparation
for in vitro testing. Samples were immersed in a rat tail collagen type | solution (2 mg/mL) with 5
mM N (3-Dimethylaminopropyl)—-N’—ethyl-carbodiimide (EDC) and 5 mM N-hydroxysuccinimide
(NHS); EDC and NHS were used to crosslink the collagen. After the samples were removed
from the solution, collagen type | gelled at 37 °C for 30 min. Monoclonal anti-collagen type |
antibody at 1:2000 dilution (Sigma-Aldrich C2456) was used to stain and visualize collagen

fibers.

6.3.5 In Vitro Assessment

Primary human corneal fibroblasts (HCFs), passages 8 and 11, were cultured in GIBCO MEM
alpha media (Invitrogen) with 10% fetal bovine serum (FBS) (Atlanta Biologicals) and 1%
antibiotic-antimycotic solution (Sigma-Aldrich). 10000 HCFs were added to the surface of gas-
foamed KPros coated with collagen type |, and to the surface of non-gas foamed PHEMA-
PMMA. A live-dead cell viability assay (Invitrogen) was used to stain cells at days 4 and 7. The
depth of cell growth was estimated using confocal microscopy and Metamorph Software
(Molecular Devices). Ethidium homodimer which stains dead cells also made the polymer
surface visible. To quantify the depth of cell growth, cell populations were imaged at 2 distinct
locations on the porous structure. For each time point, 5 depth measures were taken from each
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image (n = 10). The depth of HCF growth was estimated based on the deepest point of cell
growth into the structure. Using the side projections, a total of 5 depth measures were taken at
~ 20 ym intervals from a center vertical line that marked the deepest point of cell growth.
Where cells were spaced apart greater than 20 um on non-porous, non-collagen coated
PHEMA-PMMA, measure intervals were increased to measure the near cell or group of cells.
The depth measures were taken from a defined polymer edge to the lowest extension of the
cell. An alamarBlue assay (Invitrogen) was used to evaluate cell seeding efficiency in porous
PHEMA-PMMA with and without collagen coating. A calibration curve was created to convert
fluorescent signals from the alamarBlue assay to cells per unit volume. To evaluate cell
seeding efficiency on the KPro skirt, ~ 33,000 HCFs were added to the surface of porous
PHEMA-PMMA or collagen-coated porous PHEMA-PMMA. Polymer structures were cut to
cover the cell culture well (1.9 cm? area). Cell quantities measured at day 9 using alamarBlue
showed the efficiency of cell seeding on porous PHEMA-PMMA. Two structures of each porous

PHEMA-PMMA type, with and without collagen, were measured three times.

6.3.6 Statistical Analysis

MATLAB R2012a was used to conduct two sample t-tests at an alpha value of 0.05. Data are

reported using mean % standard error.

6.4 Results

6.4.1. In Vitro Cell Response to KPro

Biocompatibility of the gas-foamed KPro was first established before we pursued other
characterization such as pore structures, mechanical and optical properties of the scaffold.
After seeding human corneal fibroblasts on the surface of collagen-coated KPros, cell growth
was monitored at days 4 and 7 in the porous KPro skirt (Figs. 2A and 2B). Live cells, stained
green by calcein AM fluorophore, exhibited the typical long spindle-like morphology that would
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be expected of cells seeded in a 3D scaffold. [43] [132] The majority of cells (> 90 %) were
found to be viable. The fluorophore ethidium homodimer synthesized to stain dead cells
showed very few non-viable cells; rounded cell morphology and strong red fluorescence signal
would be expected from dead cells. We also noticed that ethidium homodimer stained the
polymer structure; fluorescence images show the pores created by the gas-foaming technique.
The collagen coating should enhance cell retention in the porous skirt of the KPro, since
collagen is an extracellular matrix protein that provides binding sites for integrins for cell
adhesion. [133] In order to validate this, the same number of cells was seeded in the PHEMA-
PMMA scaffolds with or without collagen coating. Following 9 days after initial cell seeding,
virtually no cells were detectable when collagen coating was not applied. In contrast, when
coated with collagen, cells were found to be attached to the scaffold (Fig. 2C). Disk shaped
porous PHEMA-PMMA samples, with and without collagen, were seeded with 174 cells/mm? to
evaluate the cell seeding efficiency. Cells were not detected on the collagen-free porous
PHEMA-PMMA because virtually all of the seeded cells fell through the pores of the structure.
Approximately 16 cells/mm?® were found on collagen coated porous PHEMA-PMMA at day 9.
We believe that the entrapped collagen network permitted greater cell retention. The collagen
network increased cell retention by enhancing cell adhesion and filling some voids in the

polymer structure.
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Figure 2. At days 4 (A) and 7 (B), cell viability staining shows live HCFs on porous PHEMA.-
PMMA. Calcein-AM stained live cells in green. Ethidium homodimer, which is designed to stain
dead cells, also stains the polymer structure. Coating the polymer with collagen type | aided in
vitro cell retention in the structure (C). At day 9 following HCF seeding, cells were not detected
on the porous PHEMA-PMMA that was not coated with collagen type I, n = 6.

Confocal microscopy was therefore used to assess the depth of cell growth into the collagen-
coated porous scaffolds. Side projections of live HCFs show that the depth of HCF growth into
the skirt, porous PHEMA-PMMA, increased from day 4 (Fig. 3A) to day 7 (Fig. 3B). The
average depth of cell growth was estimated by measurements taken from fluorescent images
(Fig. 3C). At day 4, the average depth of cell penetration was 57 + 5 um, whereas at day 7 the
depth increased significantly and doubled to 102 £ 9 pm (p < 0.001). This demonstrates that

viable HCFs can penetrate into the body of the collagen-coated porous scaffold. Positive
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immunofluorescent staining for collagen type | confirmed that a collagen network may have
been established throughout the porous skirt (Fig. 3D). Non-gas foamed PHEMA-PMMA,
without collagen coating, permitted shallow depths of HCF growth at days 4 (Fig. 3E) and 7 (Fig.
3F). Not only less viable cells were recorded in this scaffold, but also average depths of cell
penetration remained unchanged from 35 + 4 ym at day 4 to 38 £ 3 ym at day 7, suggesting no

cell penetration into the collagen-free, non-gas foamed PHEMA-PMMA (Fig. 3G).
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Figure 3. Side projections of live HCFs, in green, show HCF growth inside of porous PHEMA-
PMMA at days 4 (A) and 7 (B). Ethidium homodimer, which is designed to stain dead cells red,
also stains the polymer structure. The depth of HCF growth into porous PHEMA-PMMA
increased significantly (p < 0.001) from day 4 to 7 (C). The presence of the collagen type |
coating on PHEMA-HEMA was verified using anti-collagen type | antibodies. The collagen
fibers are shown in white (D). Non gas foamed PHEMA-PMMA, without a collagen coating,
permitted shallow depths of HCF growth at days 4 (E) and 7 (F). The depth of HCF growth
remained constant from day 4 to 7 on the collagen-free, non-porous polymer (G).
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6.4.2 Structural and Optical Characterization

Motivated by encouraging results regarding cell viability and growth, the physical properties of
the gas-foamed KPro were characterized next. The pore structure in the skirt and optical
transparency of the core are expected to regulate the functionality of the gas-foamed KPro.
First, SEM and micro CT images show that gas foaming with nitrogen created a high density of
interconnected pores to the PHEMA-PMMA skirt (Figs. 4A and 4C), which was designed to
encourage large scale cell ingrowth. During the gas foaming process, monomers polymerized
to form an interconnected or open pore structure around nitrogen gas bubbles as the bubbles
moved through the monomer solution. Without gas foaming however, PHEMA-PMMA has a
mostly closed pore structure and no pore interconnectivity was noticeable (Fig. 4B). Closed
pore structures are not expected to promote tissue ingrowth throughout the body of a polymer.
For the gas-foamed polymer, referred to as porous PHEMA-PMMA, average pore size was 70 *
8 um in diameter, and the range was from 10 um to > 1000 um in diameter. MicroCT data
showed that approximately 68 + 1 % of the porous scaffold was occupied by pores.
Furthermore, optical transmittance data shows that the PHEMA (70% v/v) core of the KPro
transmits most visible light (Fig. 5A). In the wavelength range from 500 to 700 nm, > 85%
transmittance was achieved, while the transmittance was as low as 70 % below 500 nm. The
PHEMA 70 % v/v core used in the gas-foamed KPro appears to be optically transparent enough
to permit vision. In the wavelength range between 650 to 700 nm, the addition of HCFs to
PHEMA 70% v/v core (PHEMA 70% v/v + HCFs; Fig. 5B) had a negligible effect on
transmittance compared to the control (PHEMA 70% v/v without cells). Phenol red in the cell

culture media used as a pH indicator caused a significant loss in the light transmittance.
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Figure 4. SEM (A, B) and micro CT (C) images show that gas foaming with nitrogen added a
high density of interconnected or open pores to PHEMA-PMMA. The gas foamed PHEMA-
PMMA (A), known as porous PHEMA-PMMA throughout this report, constitutes the KPro skirt.
Without gas foaming (B), PHEMA-PMMA has a predominately closed pore structure; the box
inside of image B is a zoomed in view of the pores of the non-gas foamed polymer.
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Figure 5. Transparent PHEMA 70% v/v provided 85 — 90% transmittance of visible light in the
500 — 700 nm range (A). Polymer samples were covered in PBS during measurements;
therefore, transmittance data for polymers was normalized using data from wells filled with PBS.
At 650 — 700 nm, the addition of HCFs to the polymer (PHEMA 70% v/v + HCFs) had a
negligible effect on transmittance compared to the control (PHEMA 70% v/v). The phenol red in
the cell culture medium, which was added to detect pH, reduce transmittance in “PHEMA 70%
v/v + HCFs” in the 400 — 600 nm range. A representative image of HCFs on PHEMA 70% v/v
shows sparse cell growth; the polymer was not coated with collagen or any cell adhesion
component (B). Live cells are green. Ethidium homodimer, which is designed to stain dead
cells red, also stains the polymer structure.

6.4.3 Mechanical Characterization

Mechanical properties of the skirt alone and gas-foamed KPro were quantified. The KPro
device and the skirt alone were found to have statistically equivalent elastic modulus (E) (p =
0.61) and ultimate tensile strength (UTS) (p = 0.90) values (Figs. 6A — 6B). However, strain at
rupture for the KPro device was significantly greater than the porous skirt (p = 0.01) (Fig. 6C).
Due to the elimination of an outlier strain to rupture value, the sample size was n = 3 for KPro
data in Figure 6C; n = 4 for the other data sets in Figures 6A — 6C. For the KPro, E, UTS, and
strain at rupture were 3557 + 536 kPa, 273 + 31 kPa, and 139 * 18 %, respectively. For the
porous skirt alone, E, UTS, and strain at rupture were 4082 + 808 kPa, 263 = 66 kPa, and 64 +

9 %, respectively. The stress response of gas-foamed KPros and porous skirts was recorded
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until the samples ruptured (Fig. 6D). The materials displayed both hardness and strength. Prior

to applying tensile force, the core was securely attached to the edge of the skirt. The patrtial

attachment of the core to the skirt following device rupture showed that the gas-foamed KPro

can maintain its structure under stresses that exceed the forces expected in the ocular

environment (Fig. 7A). Following the tensile rupture of the skirt, the zigzag fracture pattern at

the midsection of the sample resembled that of the KPro (Fig. 7B). Taken together, the novel

artificial cornea composed of copolymers was deemed biologically and mechanically suitable for

corneal implantation.
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Figure 6. The KPro device and the skirt alone were found to have statistically equivalent elastic
modulus (E) (p = 0.61) and ultimate tensile strength (UTS) (p = 0.90) values (A - B). However,
strain at rupture for the KPro device was significantly greater than the porous skirt (p = 0.01)
(C). Due to the elimination of an outlier strain to rupture value, the sample size was n = 3 for
KPro data in “C”. For all other data sets, n = 4. The stress response of the KPros and porous
skirts were measured until the samples ruptured. “X” marks the point of rupture for the samples

(D).
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Figure 7. The partial attachment of the core and the skirt following device rupture illustrate the
strength of the core-skirt connection in the Gas-Foamed KPro (A). Like the KPro, the
rectangular sample of the skirt (B), porous PHEMA-PMMA, had a zigzag fracture pattern at the
midsection of the sample.

6.5 Discussion

The gas-foamed KPro was designed to resist adverse events including rupture or core-skirt
separation, while permitting vision and ocular tissue ingrowth into the KPro skirt. Visible light
transmittance through the KPro core (see Fig. 5) approximates that of natural cornea, 90 to 95
% in the 400 to 550 nm wavelength range. [113] Transmittance (> 90%) through the PHEMA 70
% v/v core at the wavelength range > 500 nm is consistent with similar measurements reported
by Gulsen et. al for transparent PHEMA.. [73] Since the commercially available AlphaCor KPro
includes a PHEMA core made with a high fraction of HEMA, 70 — 90 % by weight concentration
in water, [134] it is expected to demonstrate similar transmittance. In addition, visual acuity
following AlphaCor implantation demonstrates that a transparent PHEMA core can restore
vision in patients who cannot receive donor cornea. Following device implantation, best
corrected visual acuity (BCVA) ranged from light perception to 20/20; results were taken at a
variety of time points following AlphaCor implantation. [11] Clinical studies with transparent

PHEMA suggest that it can be used as the core to restore vision in a core-skirt model KPro.
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Mechanical tensile data indicates that the KPro can comfortably maintain its structure in the
ocular environment (Fig. 6). Intraocular pressure and eyelid movement are major forces that
any corneal implant encounters. Average intraocular pressure is only up to 2- 4 kPa, [107] [108]
which falls well below the UTS of the gas-foamed KPro. High elastic modulus and UTS values
for the gas-foamed KPro suggest that the device can resist rupture during implantation. Similar
to other KPro models, [2] [5] our gas-foamed KPro does not perfectly match the mechanical
properties of natural human cornea. [109] [110] [111] However, results from previously
published KPro designs indicate that corneal tissues can integrate structures that possess a
range of mechanical properties. [2] [9] [15] [16] Functionally, the natural tear film is expected to
minimize shear forces between the eyelid and the PHEMA optic of the KPro. It is worth noting
that PHEMA is used in contact lenses because of its favorable tear film wettability. [103] In
addition, the AlphaCor KPro which contains a PHEMA core or optic was FDA approved for

patients with a satisfactory tear film. [2]

Following KPro implantation, ocular tissues that can potentially grow into the porous skirt of the
gas-foamed KPro are expected facilitate nutrient and gas exchange. The size of the optic, ~ 3.5
mm in diameter, will likely limit the effects of its non-physiological gas and nutrient exchange.
Studies with contact lenses suggest that the low water content of the PHEMA 70% v/v optic, 24
+ 1 %, will yield low oxygen permeability. [95] Experiments with poly (ethylene glycol) diacrylate
— poly (acrylic acid) (PEGDA-PAA) hydrogels showed that nutrient exchange, particularly
glucose flux, increased with the increased water content of the polymer structure. [20] The
ocular tissues surrounding the small PHEMA opitic, including those integrated into the KPro, are
expected to compensate for the limited mass transport of the optic. Given the volume and
interconnectivity of pores in the skirt, the development of functional tissue in the skirt is
anticipated in vivo. Studies with gas foamed PEGDA show that the gas foaming processes
creates an interconnected pore structure that facilitates large scale in vivo tissue ingrowth. [42]
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Cornea receives its oxygen and nutrients from the tear field and aqueous humor, respectively.
[28] If vascularization occurs, mass transport in the skirt would likely resemble that of
vascularized ocular tissue. Clinical data from the Boston KPro shows that a device with highly
effective host integration in the skirt can achieve long term stability in the absence of

physiologically equivalent mass transport in the core. [4]

The in vivo response to other KPros containing PHEMA or PMMA indicates that the gas-foamed
KPro can potentially allow ocular tissue ingrowth while permitting vision. Cell migration, a
prerequisite to tissue development, favors non-toxic and cell adhesive surfaces. Cell growth
and viability data show that the gas-foamed KPro is non-toxic (Figs. 2 and 3). The addition of
collagen was required to facilitate in vitro cell growth on porous or gas foamed PHEMA-PMMA.
However, in vivo studies indicate that a porous PHEMA material can allow cell ingrowth without
the addition of cell adhesion molecules. For example, ocular cells migrated into porous PHEMA
in the AlphaCor KPro. [9] However, minimal cell growth was observed on the non-porous
PHEMA optic of AlphaCor. [8] This highlights an advantage of using non-porous, transparent
PHEMA as the KPro core. Limiting uncontrolled cell growth on the optic aids the proper function
of the KPro, as uncontrolled cell grow can opacify the optic. While low levels of in vitro HCF
growth do not impact visible light transmittance (Fig. 5), large scale cell growth that covers the
optic could reduce vision. Rather than PMMA optics that have been used in several KPro
models, [2] a PHEMA optic we have chosen for the gas-foamed KPro may potentially reduce
the incident of retroprosthetic membrane (i.e., cell mediated opacification of the KPro optic).
Higher incidents of retroprosthetic membrane have been reported with PMMA optics compared
to PHEMA optics, [7] [8] [9] attributing this unwanted effect to its greater hydrophobicity
compared to PHEMA. Surface hydrophobicity favors protein adsorption which aids cell
attachment in vivo. [98] Ocular tissue ingrowth observed in porous PHEMA [13] suggests that a
porous PHEMA-PMMA, having greater hydrophobicity, would also permit ocular tissue ingrowth.
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Based on the expected cell response to the polymers and the device structure, the gas-foamed
KPro can potentially promote tissue ingrowth into the skirt and maintain an optically transparent

core by deterring cell adhesion to the core.

The same gas foamed polymer that is expected to permit a large volume of tissue ingrowth can
potentially permit aqueous humor leakage following implantation. The surgical implantation
strategy can be designed to minimize fluid loss as ocular tissues colonize gas foamed PHEMA-
PMMA. Potential surgical implantation schemes include the stromal pocket method used with
AlphaCor [10], or as with the Osteo-Odonto KPro, surgeons could cover the implant with oral

mucosa from the cheek until stable host integration is achieved. [135]

6.6 Conclusion

We engineered a novel artificial cornea that is composed of PHEMA and PMMA, referred to as
the gas-foamed KPro. Experimental results demonstrate that the KPro may be biologically,
mechanically, and structurally compatible for full thickness corneal replacement. Mechanical
data indicates that the device can maintain its structure in the ocular environment and resist
rupture during implantation. The KPro core, which is securely attached to the skirt, is optically
transparent. Given the device’s structure and known ocular compatibility of the polymers, the
gas-foamed KPro may offer a cornea replacement option that generates fewer incidents of

corneal melting and therefore achieve long-term stability in the ocular environment.
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7. Summary

Synthetic corneal replacement or keratoprosthesis provides an alternative treatment to patients
for whom donor cornea is incompatible or inaccessible. This study presented synthetic based
corneal substitutes that facilitate cell ingrowth into a porous skirt while permitting vision through
an optically transparent unit. The addition of cell adhesion components to PEGDA, PHEMA-
PEGDA, and PHEMA-PMMA structures was critical for assessing in vitro cell ingrowth and cell
activity. Although cells colonized available polymer voids in vivo, the stable conjugation of cell
adhesion components to the polymer skirt is imperative for host integration in the intended
patient population. Keratoprosthesis recipients often have preexisting ocular diseases, ocular
tissue injury, or a history of corneal graft failure. The diseased or damaged ocular tissue is
more reluctant to integrate a synthetic structure compared to healthy eye tissue. Preclinical
studies with rabbits have shown that an interconnected porous biomaterial, such as gas foamed
polymer, can permit 3D tissue ingrowth and thereby stable host integration. However, results
are less favorable in diseased ocular tissues. Compared to synthetic KPros, KPro models that
combine synthetic and cell adhesion components (i.e. natural ECM components or peptides)

show greater long term success in the target populations for KPro use.

KPro models presented in this study can be combined with cell adhesion components to
encourage more stable host integration in the target user population. Specifically, the PHEMA-
PMMA based KPros are mechanically stable enough to be sutured, amenable to surface
modification, and structurally appropriate for vision and tissue ingrowth. The goal is to use the
Salt Porogen and Gas Foamed KPros, both PHEMA-PMMA based, as full thickness corneal
replacement devices. Approximately 70% of the skirt of the Gas Foamed KPro provides an
interconnected void space for tissue ingrowth. The skirt of the Salt Porogen KPro does not

provide an interconnected void space for cell ingrowth, but the surface voids together with
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appropriate mass transport via the skirt could potentially facilitate host integration. A cell
adhesive KPro skirt with a high density of cell permeable surface pores and physiologically
relevant mass transport could potentially facilitate the stable integration of a KPro into ocular
tissue. Biological, structural, and mechanical evaluations indicate that the presented PHEMA-
PMMA based KPros may be effective alternatives to currently available full thickness corneal

replacement therapies.
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