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Sommaire

La cécité cornéenne touche 12,7 millions personnes globalement. Il y a une pénurie des
cornées de donneurs humains (CDH), et donc les tissues disponibles sont implanté préféren-
tiellement dans les patients avec des troubles cornéens & faible risque comme le kératocone
et la dystrophie endothéliale de Fuchs. Les patients qui ont un risque élevé d’inflammation,
comme ceux avec des brilures acides, alcalines et thermiques, des infections et des ulcéres,
ne recoivent pas de greffes pour leurs maladies cornéennes.

Les biomatériaux offrent une alternative aux CDH en permettant le développement de
solutions de régénération cornéenne avec une longue durée de conservation, une thermo-
stabilité pour un déploiement en zone rurale, et biocompatibilité chez les patients a haut
risque.

Les biomatériaux peuvent étre développés sous forme d’implants cornéens solides a greffer
dans des opacités cornéennes ou sous forme de liquides gélifiants injectables qui peuvent
sceller des petites perforations cornéennes. Les implants cornéens solides conviennent aux
chirurgiens ophtalmologiques, mais les produits de comblement liquides peuvent étre utilisés
par les prestataires de médecine d'urgence ou le personnel médical non spécialisé dans les
zones ol les chirurgiens ophtalmologistes ne sont pas disponibles.

Cette these explore les formulations de biomatériaux pour les cornéens solides et gélifiants
in situ, leurs performances en tant que dispositifs composites, 'ajout de la stérilisation
terminale & la fabrication d’implants cornéens solides et le développement de futures protéines
mimétiques du collagéne pour la formulation d’hydrogel.

Le premier objectif de cette thése était de développer un implant cornéen solide
adapté a I'implantation chez les patients cornéens a haut risque. Les implants cornéens

peptide-mimant-le-collagéne-polyéthyléne glycol-phosphorylcholine (PMC-PEG-MPC) et



les implants recombinants de collagéne humain de type III-phosphorylcholine (RCHIII-
MPC) ont réussi a régénérer les cornées de mini-porcs et de lapins, respectivement. La
phosphorylcholine présente dans la formulation PMC-PEG-MPC a diminué I'inflammation
et fourni une alternative cornéenne viable dans les briilures alcalines a haut risque. Des
nanoparticules d’argent coiffées de peptides étaient fabriquées avec succes a la surface
d’un implant cornéen solide de collagéne porcin de type I. Ces implants ont inhibé P.
aeruginosa, S. aureus et S. epidermidis in wvitro et empéché la formation de biofilm a
I'interface air-liquide. Ces implants cornéens solides élargissent la gamme d’efficacité pour
inclure les personnes souffrant de brilures alcalines et d’infections. Finalement, on a validé
une méthode de stérilisation terminale des implants cornéens solides. Le RCHIII-MPC a été
stérilisé en phase terminale avec succés a l'aide d’une irradiation par faisceau d’électrons,
offrant une future voie pour la stérilisation terminale des implants cornéens solides & base
de biomatériaux.

Le deuxiéme objectif était de concevoir un hydrogel qui se solidifierait n situ pour sceller
les perforations cornéennes. Le PMC-PEG était combiné avec du fibrinogéne pour former
“LiQD Cornea”, le premier produit de comblement cornéen liquide & étre chimiquement
réticulé avec succes in situ pour sceller les perforations cornéennes et les plaies chirurgicales
chez le lapin et les mini-porcs.

Pour le troisiéme objectif, ce projet fournit également une méthodologie future pour la
production de protéines mimétiques de collagéne personnalisées pour les futures formulations
d’hydrogel.

Dans l’ensemble, le collagéne et les biomatériaux inspirés du collagéne se sont révélés
étre des greffes et des scellants cornéens prometteurs avec des voies viables de fabrication
commerciale.

Mots clés: cornée, biomatériaux, médecine régénérative
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Summary

Corneal blindness and opacities affect 12.7 million people globally. There is a shortage of hu-
man donor corneas (HDCs), which are prioritized for patients with low risk corneal disorders
like keratoconus and Fuch’s endothelial dystrophy. Patients with high-risk inflammatory con-
ditions like acid, alklai and thermal burns, infections and ulcers are often unable to receive
transplants to treat their corneal disorders.

Biomaterials provide an alternative to HDCs by allowing the development of corneal
regenerative solutions with a long-shelf life, thermostability for deployment in rural areas
and biocompatibility in high-risk patients. Biomaterials can be developed as solid corneal
implants to graft into large corneal opacities or as injectable in situ gelling liquids that
can seal small corneal perforations. Solid corneal implants are suited for use by ophthalmic
surgeons, but liquid fillers can be used by emergency medicine providers or non-specialized
medical personnel in areas where ophthalmic surgeons are not available.

This thesis explores biomaterials formulations for solid and in situ gelling corneal bio-
materials, their performance as composite devices, the addition of terminal sterilization to
the manufacture of solid corneal implants, and the development of future collagen mimetic
proteins for hydrogel formulations.

The first objective of this thesis was to develop a solid corneal implant suitable for
implantation in high-risk corneal patients.  Collagen-like-peptide-polyethylene glycol-
phosphorylcholine (CLP-PEG-MPC) corneal implants and recombinant human collagen
type III-phosphorylcholine implants were successful in regenerating the corneas of mini-pigs
and rabbits, respectively. The phosphorylcholine present in the CLP-PEG-MPC formulation
decreased inflammation and provided a viable corneal alternative in high-risk alkali burns.
Peptide-capped nanoparticles were successfully fabricated on the surface of a porcine

collagen type I solid corneal implant. These implants inhibited P.aeruginosa, S. aureus,
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and S. epidermidis in vitro and prevented biofilm formation at the air-liquid interface.
These solid corneal implants expand the range of efficacy to include individuals with alkali
burns and infections. This thesis validated a method of terminal sterilization for solid
corneal implants. RHCIII-MPC was successfully terminally sterilized using electron-beam
irradiation, providing a future avenue for terminal sterilization of biomaterials-based solid
corneal implants.

The second objective was to design a hydrogel that will solidify in situ to seal corneal
perforations. CLP-PEG was combined with fibrinogen to form LiQD Cornea, the first liquid
corneal filler to be successfully chemically crosslinked in situ to seal corneal perforations and
surgical wounds in rabbit and mini-pigs.

For the third objective, this project also provides future methodology for the production
of custom collagen mimetic proteins for future hydrogel formulations.

Overall, collagen and collagen-inspired biomaterials were demonstrated to be promising
corneal grafts and sealants with viable pathways to commercial manufacture.

Keywords: cornea, biomaterials, regenerative medicine
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Chapter 1

Introduction

1.1. The Cornea

1.1.1. Corneal Anatomy

The human cornea is the transparent front of the eye that transmits light through the
lens and onto the retina. Together with the surrounding white of the eye, the sclera, that
is overlain with a thin conjunctiva, the cornea also forms the protective outer surface of the

eye. Unlike the conjunctiva or sclera, the cornea is avascular. The cornea is the most highly
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Fig. 1.1. Epithelial cells are indicated in blue, stromal keratocytes in purple and endothelial

cells in orange. Reproduced under a CC BY license from Formisano et al. [1].



innervated tissue in the human body with sensory, sympathetic and parasympathetic nerves
that regulate homeostasis and the link response |2, 3].

The cornea is composed of three cellular layers: epithelium, stroma, and endothelium (Fig
1). It also has two acellular membranes: the Bowman’s layer between the epithelium and the
stroma, and the Descemet’s membrane between the stroma and the endothelium. A some-
what controversial third membrane, the pre-Descemet’s membrane or Dua layer has been
reported; it lies between the stroma and Descemet’s membrane [4]. The corneal epithelium
is the anterior chamber’s protective layer; this is renewed every ten days. Epithelial progen-
itor or stem cells are located at the peripheral boundary of the cornea, called the limbus.
These cells, known as limbal epithelial stem cells (LESCs), migrate from the periphery of the
cornea to the center. LESCs differentiate into five to six layers of stratified, non-keratinizing
corneal epithelial cells (CEpCs) [5-9]. The tear film enables the barrier function of the ep-
ithelium by lubricating the surface and carrying protective and wound healing factors [10].
It is an aqueous solution that contains mucins and lipids. The wound healing factors in the
tear film include tumor growth factor (TGF)-a, TGF-3, epidermal growth factor (EGF),
platelet-derived growth factor (PDGF), and vascular endothelial growth factor (VEGF) [10].
Tear film also contains host defense peptides, such as lysozyme, lactoferrin, lipocalin and the
cathelecidin LL37 that protect against infections [11-14].

The Bowman’s layer maintains the separation of the corneal epithelium and stroma in
the cornea of most primate species [15]. The Bowman’s layer is a dense acellular network
of randomly arranged collagen type I and V fibrils [16-18]. The dense collagen network
provides mechanical strength to help the cornea maintain its shape. It also acts as a barrier
between the corneal epithelium and stroma, limiting the passage of pathogens and growth
factors [19].

The corneal stroma is composed of an extracellular matrix (ECM) surrounding corneal
stromal keratocytes (CSKs). Corneal ECM is composed of collagens and glycosaminoglycans
(GAGs) organized in a tightly packed structure of approximately 250 lamellae that allows
light transmission with minimal scatter. The primary component of a healthy corneal extra-
cellular matrix is collagen fibrils, composed of collagens I and V [20-23]. Pro-collagens are
secreted by CSKs, and the N- and C-terminal regions are cleaved. The collagen forms short

protofibrils in close proximity to the cell surface, which are then organized into continuous,
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mature collagen fibrils in the ECM. The fibrillar assembly is stabilized by small leucine-rich
repeat proteoglycans which interact with the CSK surface, collagen fibrils and other ECM
proteins to organize fibrillar diameter and spacing [24, 25].

In a healthy cornea, the ECM is maintained by a balance in collagen secretion, ECM
crosslinking by lysyl oxidase, and ECM degradation by matrix metalloproteinases (MMPs).
Lysyl oxidase is an amine oxidase protein that crosslinks collagen and elastin to form and
repair the ECM (27, 28|. Lysyl oxidase is not an abundant protein in the human eye, but

it is critical for the formation of a healthy corneal stroma, and deficits in lysyl oxidase are



associated with corneal thinning in keratoconus [27, 29, 30]. Elevated levels of MMPs are
associated with ECM proteolysis, angiogenesis and inflammation [31-35].

The Descemet’s membrane separates the stroma and the endothelium. It is composed
of three layers of collagen type IV and laminin [36, 37]. The layers of the Descement’s
membrane are described by the banded or non-banded appearance of their collagen fibrils in
electron micrographs. Adjacent to the stroma is a thin, non-banded zone that is 0.3 pm thick.
The central layer is a 2-4 ym banded zone. The endothelium-adjacent layer is >4 pm and
nonbanded.The Descemet’s membrane protects and isolates the corneal endothelium, as well
as providing structural support for the mono-layer of cells that composes the endothelium.

The endothelium is responsible for osmoregulation of the cornea. Corneal endothelial
cells (CEnCs) are hexagonal in shape and non-proliferative. The integrity of the corneal en-
dothelium is maintained by a network of tight junctions between adjacent CEnCs that block
paracellular osmotic transfer[38]. Tight junctions composed of claudin, occludin, junctional
adhesion molecules and cadherins are anchored to the cytoskeleton by zonula occludens-1
at the apical junction of the monolayer. This directs regulation of the osmotic balance to
ion channels, exchangers and pumps located at the apical and basolateral cell membranes.
CEnCs also actively transport glucose into the corneal stroma and remove lactate [39, 40].
Endothelial tight junctions are complemented by the gap junction protein, Connexin 43,
which allows the the passage of electrical signals and molecules less than 1 kDa [41|. The
gap junctions allow for intracellular communication between CEnCs, while preserving the
osmotic integrity of the monolayer. CEnCs keep the corneal stroma relatively dehydrated
by pumping water from the stroma into the anterior chamber to compensate for the os-
motic pressure of the GAGs present in the stroma [42|. Their activity helps preserve corneal
transparency.

Together the three layers of the cornea work synergistically to protect and maintain the
optical transparency needed to transmit light for vision, and to maintain the integrity of the

corneal surface to protect the more delicate inner parts of the eye.



1.2. Corneal Damage and Blindness and Currently Available

Treatments

1.2.1. Causes of Corneal Blindness

Due to the superficial location of the cornea, it is exposed to the environment and prone
to injury and infection. Although the human cornea is capable of wound healing (see Section
1.2.1.1), this process does not always result in restoration of the lamellar structure of stromal
ECM. In severe damage due to disease or injury, the result is scar formation or ulceration
and ultimately, loss of transparency, potentially leading to blindness.

Most recent available estimates report that there are 12.7 million people awaiting corneal
transplantation gobally [43, 44]. Corneal opacities causing complete vision loss and moderate
to severe vision loss are most common in North Africa/Middle East, Oceania, Southeast Asia,
and Central sub-Saharan Africal45]. Overall, the majority of patients with corneal blindness
live in low to medium income countries in the world. Corneal visual impairment has been
named by the WHO as a priority eye disease [46]. Major causes of corneal opacity have tra-
ditionally been attributed to trachoma, xerophthalmia, measles, neonatal ophthalmia, and
leprosy [44]. Damage from injuries that lead to ulceration and infection is being increasingly
reported. In developed regions, including Canada, the USA, and Europe, corneal blindness
tends to originate from degenerative or inherited disorders. Keratoconus results from thin-
ning of the central stroma leading to an irregular cone-shaped, rather than smoothly curved,
sphere-shaped cornea [47]. Fuchs’ endothelial dystrophy is an autosomal dominant corneal
dystrophy that causes the loss of CEnCs and excressences of the Descemet’s membrane
leading to a loss of endothelial regulatory function and severe corneal edema [48|. Corneal

infections caused by contact lens misuse are also a common pathology [49].

1.2.1.1. Corneal Transplantation and its Challenges

The current gold standard therapy is the replacement of the pathological tissue with a
human donor cornea (HDC). Corneal transplantation is the most common tissue transplant
globally, as corneal tissue can be harvested up to 24 hours post-mortem and stored for 4
weeks prior to surgery [50]. The most common transplantation technique is a surgical tech-

nique called a penetrating keratoplasty. In penetrating keratoplasty, a full thickness corneal



button containing the the pathologic area within its margin is excised and replaced with the
HDC [51]. However, as the globe is opened to the environment, PK is associated with a
number of challenges such as peri-operative infection. Improvements in surgical technique
have allowed for the lamellar corneal replacement techniques favoured more recently. Re-
placement of the front epithelium and part of the stroma uses a technique called anterior
lamellar keratoplasty, where the healthy, intact corneal endothelium is left in place [52].
This technique was further refined into a deep anterior lamellar keratoplasty which removes
all but a thin layer of stroma and endothelium. Corneal allografts are also used to replace
the posterior endothelium when the anterior tissues are healthy. The two most common
endothelial cell replacement procedures are: Descemet membrane endothelial keratoplasty
and Descemet stripping automated endothelial keratoplasty [53]. In both procedures, the
patient’s Descemet’s membrane and corneal endothelium are removed, leaving the epithe-
lium and anterior stroma intact to allow space to graft new tissue. In Descemet membrane
endothelial keratoplasty, only the Descemet’s membrane and endothelium are grafted. In
Descemet stripping automated endothelial keratoplasty, the Descemet’s membrane and en-
dothelium are re-grafted with a layer of corneal stromal cells.

Corneal transplants are most successful in low-risk diseases like keratoconus and Fuchs’
endothelial dystrophy, where HDC allografts have a 2 year survival rate of 98% and 92%,
respectively [54]. The long-term survival of HDC transplants declines with time, decreasing
to 73% at 5 years, 62% at 10 years and 55% at 15 years [55]. Graft failure is very com-
mon, especially in high-risk patients [56-58|. These patients present with significant corneal
inflammation and vascularization, often due to ocular Herpes simplex virus-1, bullous ker-
atopathy, or a prior graft [59]. A 2018 study of the UK corneal transplant registry showed
that 21.1% of transplant procedures were re-grafts during the 17 year study period [60]. The
most common reasons for re-graft were endothelial decompensation, irreversible rejection,
and primary graft failure. Primary grafts had a five year survival rate of 72.5% (95%ClI,
71.7%-73.2%). The five year survival for a second corneal graft was reduced to 53.4% (95%
CI, 51.4%-55.4%).

Patients cannot be regrafted in the immediate aftermath of trauma like a physical injury,
acid or alkali burn or infection. Instead surgeons often wait until the ocular surface is

stable and quiescent before considering a transplant. During this time inflammation can



cause abnormal wound healing in the cornea, leading to scarring (seen as corneal haze) and
neovascularization.

In corneas with epithelial and stromal trauma, the immune system plays a significant role
in wound healing. Langerhans cells that are positive for major histocompatibility complex-II
(MHC-II) migrate from the limbus to the central corneal epithelium four hours after epithelial
trauma and DCs in the central cornea upregulate MHC-II [61-63]. Neutrophils infiltrate the
wound site in two waves, 18 and 30 hours after trauma [64]. Neutrophil deficient mice have
impaired corneal re-epithelialization and decreased corneal nerve infiltration, likely due to the
absence of the neurotrophic effects of their VEGF-A secretion [64-67|. Macrophages clear the
wound site of debris and apoptotic cells, but they are also strong mediators of angiogenesis
and stimulators of myofibroblast transformation, contributing to fibrotic response and corneal
ECM dysregulation |68, 69]. Natural killer cells also infiltrate the corneal stroma, peaking
at 24 hours after epithelial trauma. They may play a role in reducing neutrophil infiltration
via a NKG2D-dependent modulatory effect on an innate acute inflammatory process [70].
They also increase the presence of DCs in the cornea via IFN-v stimulation [71].

The corneal epithelium is repaired via flattening and centripetal migration of the adja-
cent cells into the wound site. The epithelial layer is then restored via differentiation and
migration of LESCs from the periphery of the cornea into the central cornea. This is a rapid
process that usually takes under two weeks in the absence of ulcer formation.

Corneal stromal healing is a significantly slower process. In the immediate aftermath of
injury, the normally quiescent corneal keratocytes differentiate into fibroblasts to migrate into
the wound site [72]. This process can be stimulated by the release of PDGF and TGF-f from
epithelial cells that travels through the damaged basement-membrane [73-76]. Bone marrow-
derived fibrocytes also migrate into the wound and differentiate into fibroblasts three to five
days after injury |77, 78|. The conversion of either lineage of fibroblasts into myofibroblasts
is a dual-edged sword. Myofibroblasts are contractile fibroblasts that can interact with the
ECM to maintain corneal structural integrity. This cell type is marked by the expression
of a-smooth muscle actin («—SMA), vimentin, and desmin [79-83]. Myofibroblasts are
problematic for corneal wound healing because they secrete disorganized ECM that causes

corneal haze and opacity [84, 85]. The myofibroblasts are maintained by secretion of TGF-3



and the presence of myofibroblasts in the stroma markedly decreases after the basement
membrane is restored and stromal TGF-3 decreases [86-88|.

Corneal nerves and epithelial cells have a synergistic relationship, where trophic factors
secreted by nerves (substance P, calcitonin-gene related peptide, norepinephrine, acetyl-
choline) stimulate CEpC proliferation and migration, while CEpCs secrete nerve growth
factor and glial cell-derived neurotrophic factor, which promote neurite extension and sur-
vival [3, 89-93]. During wound healing, the factors secreted by both cell types promote
neurite extension into the damaged area, which in turn supports CEpC regeneration.

Neovascularization of the cornea occurs when the inflammatory cytokines interleukin-1
(IL)-1 and IL-6 secreted in the immediate aftermath of trauma stimulate production of pro-
angiogenic factors such as VEGF, basic fibroblast growth factor (bFGF), MMPs, and PDGF
[94]. These factors act to stimulate vascular endothelial cell proliferation and migration into
the cornea, as well as causing enzymatic breakdown of the corneal ECM, which facilitates
vessel penetration.

VEGF is a family of growth factors (VEGF-A, VEGF-B, VEGF-C, and VEGF-D) that
bind the three VEGF-receptors (VEGFR). In cornea, VEGF-A is the primary driver of
angiogenesis, binding to VEGFR-1 and VEGFR-2 on vascular endothelial cells and causing
vascular leakage that allows the vascular endothelial cells to migrate from the vessels at the
periphery into the central cornea [95]. VEGF-A also stimulates macrophage infiltration,
leading to a feed-forward loop of macrophage-secreted VEGF-A [96, 97]. VEGF-C and
VEGF-D are also associated with VEGFR-3 mediated angiogenesis [98|.

The secretion of VEGFs explains the chemo-attraction of vascular endothelial cells to the
cornea, but not their ability to penetrate deep into the lamellac. MMPs are zinc-containing
endopeptidases that are primarily associated with breakdown of the corneal ECM. MMP-2
and MMP-9 both cleave the collagen IV found in the basement membrane [99], weakening
the barrier between the endothelium and the stroma and allowing for secretion of TGF-/ and
PDGF from the epithelium into the stroma. MMP-2 and MMP-9 precede the infiltration of
vascular endothelial cells into the cornea during abnormal wound healing [100, 101|. They
can increase chemoattraction of vascular endothelial cells by releasing VEGF from inhibitory
binding proteins in the ECM [102]. Overall, they break down the corneal ECM allowing

vascular endothelial cells to penetrate into the stroma.
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Wound healing in an inflamed cornea can lead to haze and neovascularization that perma-

nently decreases corneal transparency leading to loss of vision or complete corneal blindness.

1.2.2. Alternatives to Donor Transplantation in Clinical Use

There is a severe global shortage of donor tissue that leaves 12.7 million people awaiting
transplantation [43|. In addition, HDC transplantation is most successful in patients when
there is no inflammation, e.g. in keratoconus or healed scars from infections which are con-
ditions that carry a low risk of graft failure or rejection [56-58|. Patients with inflammation
or severe pathologies (e.g., chemical burns, active infections or previous rejected grafts) tend
to have a high risk for graft rejection or failure. High-risk patients are often contraindicated
for transplantation with HDCs due to the severe worldwide shortage of donor tissues, and

the allocation of donor allografts for cases with higher chances of success [43].

1.2.2.1. Keratoprostheses

High-risk patients can be treated with corneal prosthetic device called a keratoprosthesis
(KPro) that restores minimum function, such as light transmission into the eye for vision and
protection of the more delicate inner structures of the globe [103, 104]. The most commonly
used KPro is the Boston KPro. The standard Type I Boston KPro has a central, transparent
polymethylmethacrylate (pMMA) core, surrounded by a titanium back plate and titanium
locking ring that anchor the KPro to the cornea. They are inserted into a HDC which is
then grafted into the patient’s eye, using the HDC tissue to encourage integration around
the surgical site. The Type II device is even more complicated and is implanted through
the upper eyelid. KPro transplantation is often complex, necessitating lifelong need for
antibiotics and carries severe side effects such as glaucoma that could result in permanent

blindness; therefore, KPros are only used in end-stage eyes [105, 106].

1.2.3. Therapeutic Cell Grafting and Role of Biomaterials

Apart from KPros, biomaterials have also been in clinical use for delivery of therapeutic

cells for regenerating damaged corneas. These are described below.
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1.2.3.1. Autologous Cell Therapies for Epithelium

Corneal epithelial replacement is the only layer of the cornea that has regulatory-approval
for cell therapy. Holoclar™ is an advanced therapy medicinal product comprising cleanroom
expanded stem cells that is used in Europe for “restoring healthy corneal surfaces in patients
with moderate or severe limbal stem-cell deficiency caused by burns as well as in improving
their symptoms and vision” [107]. Holoclar™ is a cultured limbal epithelial transplant that
consists of the patient’s LESCs, which are removed and cultured on a substrate ex vivo prior
to regrafting into the cornea to replace the damaged limbal stem cells.

Fibrin, which is isolated from human blood, has been used in the delivery of cultured
LESCs for transplantation to re-surface the cornea. Human amniotic membrane (hAM),
which provides a collagen-based scaffold that is enriched by a range of other bioresponsive
proteins like fibronectin and laminin, as well as immune factors like 1L.-10, has also been
successfully used as a substrate for delivery of LESCs (For review see [108]).

Corneal epithelial cells have also been differentiated from biopsies of patient oral mucosal
tissue [109]. The process is called cultivated oral mucosal epithelial transplantation . The oral
mucosal biopsy is seeded on hAM and cultured in the presence of mitomycin-C-treated 3T3
feeder cells prior to re-grafting. This process has been successfully used in Stevens-Johnson
syndrome, aniridia, alkali and temperature burns [110-116].

In addition to ex vivo autologous transplants, a simple limbal epithelial stem cell trans-
plant has been used to treat corneal epithelial defects. Simple limbal epithelial stem cell
transplantation is a single surgical procedure where a biopsy of the patient’s LESCs is re-
moved, dissected into small pieces and placed on hAM during surgery to allow the LESCs
to re-colonize the damaged corneal surface [117, 118]. Recent economic analysis of Simple
limbal epithelial stem cell transplants vs. cultured limbal epithelial stem cell transplants has
shown that simple limbal epithelial stem cell transplant procedures are 10% of the total cost
of cultured limbal epithelial stem cell transplant procedures, as they do not require a cell
processing facility and multiple surgeries [119]. However, despite the success in re-surfacing
corneas, when the damage extends to the deeper layers of the cornea, the patients still require

allografting with donor human corneas [120].
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1.2.3.2. Autologus Cell Therapies for Stroma

CSKs can be successfully differentiated from limbal biopsies in culture. Basu et al
reported the successful culture of CSKs derived from limbal biopsies [121]. Here, bio-
materials have been used for cell cultures, to obtain expanded numbers of therapeutic
cells. Limbal biopsies were cultured on FNC-coated plates. These cells formed spheres
on poly(hydroxyethyl) methacrylate (pHEMA) coated plates. When transferred to collagen-
coated plates, these cells differentiated into CSKs. The CSKs were then plated on poly/(e-
caprolactone) aligned nanofiber inserts to generate constructs suitable for grafting. Mouse
corneal epithelial wounds were generated using debridement. The wounds were then succes-
sively treated with thrombin and fibrinogen to attach the construct to the wound surface.
The constructs prevented the formation of disorganized ECM causing haze and promoted

collagen I and keratocan deposition in the central cornea at one month after surgery.

1.2.3.3. Autologous Cell Therapies for Endothelium

Corneal endothelial cells can be expanded in culture, but their fragility has traditionally
limited their use in autologous transplants. In 2014, Okamura et al. reported a culture
protocol using Rho-kinase inhibitors to allow for transplantation of endothelial cells in sus-
pension [122]. Rho-kinase inhibitors can be co-injected with endothelial cells to improve
the success rate of corneal endothelial cell transplants [123]. Economic analysis has shown
that autologous endothelial transplants can be more cost effective than donor cornea-based

transplants, despite the overhead costs for cell culture facilities [124].
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1.3. Biomaterials in Regenerative Medicine for the Cornea

1.3.1. Naturally Derived Biomaterials
1.3.1.1. Decellularized corneas

The primary barrier to full integration of corneal allografts is the presence of cells from the
donor (live or dead) which can produce an immune response that leads to graft rejection [125—
127]. Decellularization aims to circumvent the inflammatory response by removing all of the
cells and cell debris that can act as antigens. There are physical, chemical, and biological
processes that are used alone, or in combination to fully decellularize animal or human
corneas to prepare them for grafting (Table 1.1, 1.2, 1.3) [126]. The most common physical
processes are freeze-thawing or submersion in hypertonic/hypotonic solutions to cause the
cells to burst. Chemical processes use detergents like sodium dodecyl sulfate (SDS), sodium
deoxycholate, or Triton X-100 to disrupt cellular membranes. Finally, enzymes like dispase or
trypsin may be used to enzymatically degrade the ECM to release cells. DNAase and RNAase
are used to remove DNA and RNA that may trigger innate immune responses to nucleic acid
fragments. Phospholipase A2 has been used in place of dispase and trypsin to prevent ECM
degradation, while enzymatically destroying cell membranes [128]. Decellularized tissues are
often sterilized using  irradiation to ensure that there are no bacterial or viral contaminants
remaining in the matrix [128-135]. Decellularized ECM (dECM) has also been used to
generate particles for corneal stromal repair (Table 1.4) and hydrogels for corneal epithelial
and stromal repair (Table 1.5).

A single acellular graft cornea has been approved for use in clinical patients. The acellular
graft cornea is cyrogenically decellularized and sterilized using 17 - 23 kGy of ~-irradiation
[136-138]. Structural analysis of the aceullar graft cornea compared to HDC showed a similar
Young’s modulus (25.1 4 5.8 kPa vs 24.4 + 6.4 kPa), but a decrease in melting temperature
(T (61.7 £ 1.1°C vs 65.7 & 1.8°C), as measured by differential scanning calorimetry [138].
The acellular graft cornea supported greater CSK infiltration. A retrospective review of the
fist 150 patients treated with the acellular graft cornea showed that it could be used as a
glaucoma patch graft, corneal patch graft, anterior lamellar keratoplasty, or as the skirt for

a KPro [137].
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Decellularized tissues retain their native ECM composition, but are also subject to sev-
eral negative factors. Tissue ECM many undergo a significant amount of damage during the
decellularization process. This poses two potential problems: loss of structural integrity and
the generation of damage-associated molecular patterns (DAMPs). dECM generally main-
tains a fraction of the structural stability of the tissue of origin. In addition, the ~v-irradiation
techniques commonly used to sterilize decellularized grafts crosslink the ECM resulting a in
a more brittle, fragile material [139-141]. DAMPs are patterns recognized by the innate
immune system as markers of tissue damage. They interact with pattern recognition re-
ceptors, including Toll-like receptors, C-type lectin receptors, NOD-like receptors, retinoic
acid-inducible gene I-like receptors, and multiple intracellular DNA sensors [142]. DAMPs
initiate an immune response in the absence of infection referred to as “sterile inflammation”
[143]|. Damage to the ECM, including collagen fragments, and remnants of DNA and RNA
are all DAMPs that can initiate an innate immune response, potentially causing an inflam-
matory response in the host. Overall, decellularized corneas and dECM-based materials have

seen limited use in human clinical trials due to their structural limitations.
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Tab. 1.1. Decellularized Materials for Epithelial Repair

Decellularized Tissues for Epithelial Repair

Identifier Source Decellularization Method Sterilization Model Surgery Ref
Technique Species

Lin 2008 Porcine trypsin freeze-thaw, sodium %9Co irradiation | Rabbit Keratectomy [129]
hydroxide, DNase, RNase, wound
lyophilized

Wu 2009 Porcine Sodium deoxycholate, v-irradiation (25 | Rabbit Lamellar [128]
Phospholipase A2 kGy) keratoplasty

Xiao 2011 Porcine Sodium deoxycholate, v-irradiation (25 | Rabbit Interlamellar [130]
phospholipase Ay, freezing, kGy) keratoplasty
lyophilization.

Genicio 2015 Human EDTA - - - [144]

Hashimoto 2015 | Human High hydrostatic pressure - - [145]

Zhang 2015a Porcine NaCl, Triton X-100, glycerol 60Co Irradiation | Human Lamellar [131]

keratoplasty

Zhang 2015b Human Triton-X, ammonium hydroxide + | Antibiotics - - [146]
DNase or NaCl + DNase

Liu 2016 Ostrich Hypertonic saline, trypsin/trypLE | y-irradiation (25 | Rabbit Lamellar [132]
Express kGy) keratoplasty
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Decellularized Tissues for Epithelial Repair

Identifier Donor Decellularization Method Sterilization Model Surgery Ref
species Technique Species
Zheng 2019 Porcine Sodium hypochlorite, %9Co irradiation | Human Lamellar [134]
hyper-hypotonic solution keratoplasty
Lin 2019 Porcine Organic acids (formic, acetic, citric) | - Rabbit Deep Anterior [147]
Lamellar
Keratoplasty
da Mata Human NaCl and nucleases - - [148]
Martins 2020
Wang 2020 - (dermal |- - Rabbit Lamellar [149]
matrix) keratoplasty
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Tab. 1.2. Decellularized Tissues for Stromal Repair

Decellularized Tissues for Stromal Repair

Identifier Donor Decellularization Method Sterilization Model Surgery Ref
species Technique Species
Proulx 2009 Human Freeze-Thaw - Cat Penetrating [150]
keratoplasty
Choi 2010 Human Triton X-100 - - - [151]
Du 2011 Porcine SDS - - Rabbit [152]
Huang 2011 Porcine sodium deoxycholate, - Rabbit Subcutaneous [153]
Phospholipase A2
Shafiq 2014 Human Sodium chloride, DNase, RNase - Rat Limbal injury [154]
Alio del Barrio | Human SDS and protease inhibitor under | Antibiotic/ Rabbit - [155]
2015 vacuum, DNase antimycotic
solution
Wilson 2016 Human NaCl, SDS or Triton X-100 with - - - [156]

DNase and RNase
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Decellularized Tissues for Stromal Repair

Identifier

Donor

species

Decellularization Method

Sterilization

Technique

Model

Species

Surgery

Ref

He 2016

Human

Sonification, freeze/thaw,

freezing /thawing in liquid nitrogen
(LN) ; Freezing in LN and hypoxia;
1.5 M Na(Cl for 24 hours followed
by 0.02% EDTA + 0.05%trypsin for
24 h; 0.1% SDS for 24 h; 1% SDS
for 10 min (3 cycles); Cyclic 1%
SDS and DNase

Ethanol

[157]

Yam 2016

Human

hyperosmotic, ionic detergent,
non-ionic detergent, ionic and
non-ionic detergent, Enzymatic,
enzymatic and detergent,mid
enzymatic, mid enxymatic and
detergent, high enzymatic, high

enzymatic and detergent

Rabbit

Small incision
lenticule

extraction

158

Yin 2016

Human

NaCl,DNase, RNase

Rabbit

small incision
lenticule

extraction

[159]
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Decellularized Tissues for Stromal Repair

Identifier Donor Decellularization Method Sterilization Model Surgery Ref
species Technique Species
Xu 2017 Porcine 0.5% sodium deoxycholate and Ionizing Dog Lamellar [133]
0.04% sodium orthovanadate, Radiation (25 keratoplasty
DNase, RNase kGy)
Guler 2017 Bovine Supercritical CO2 Supercritical - - [160]
CO,
Alio del Barrio | Human SDS Antibiotic/ Human Lamellar pocket | [161]
2018 antimycotic
solution
Huh 2018 Human hypotonic trypsin-EDTA, DNase, - Rabbit Corneal pocket | [162]
RNase
Shi 2019 Porcine HHP, sodium lauroylglutamate, hypochloric acid | Rabbit Lamellar [163]
endonuclease and Co60 keratoplasty
irradiation (15
kGy)
Ahearne 2020 SDS, Tritox-X, DNase, RNase - - - [164]
Uyaniklar 2020 | Bovine SDS, GeIMA photocrosslinking - - - [165]
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Tab. 1.3. Decellularized Tissues for Endothelial Repair

Decellularized Tissues for Endothelial Repair

Identifier Donor Decellularization Method Sterilization Model Surgery Ref
species Technique Species
Amano 2008 Porcine LN LN Rabbit Stromal pocket | [166]
Lee 2014 Porcine, - - - - [167]
Primate
Bhogal 2017 Human Freeze/Thaw - Rabbit Endothelial [168]
Wound
Aslan 2018 Bovine SDS 70% ethanol - - [169]
Liu 2018 Porcine SDS - Nonhuman | Intrastromal [170]
primate pocket
An 2020 Porcine SDS slightly acidic - - [171]
electrolyzed
water
Chen 2020 Porcine Sodium deoxycholate, %0Co irradiation | Mouse Subcutaneous [135]

Phospholipase A2
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Tab. 1.4. Decellularized Tissue Particles for Stromal Repair

Decellularized Tissue Particles for Stromal Repair

Identifier Donor Decellularization Method Sterilization Model Surgery Ref
species Technique Species
Yin 2019a Porcine peracetic acid, Triton X-100 and UV at 253.7 nm | Ex vivo - [172]
EDTA, DNase, milling Rabbit
Yin 2019b Porcine peracetic acid, Triton X-100 and Sterile filtered | - - [173]
EDTA, DNase, milling (0.22 pum)
Chandru 2021 Human NaCl, milling Antibiotics Guinea Topical/lamellar | [174]
pigs/ keratoplasty
Rabbits
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Tab. 1.5. Hydrogels Derived from Decellularized Tissues for Epithelial and Stromal Repair

Hydrogels Derived from Decellularized Tissues for Epithelial and Stromal Repair

Identifier Donor Decellularization Method Sterilization Model Surgery Ref
species Technique Species

Wang 2020 Porcine HHP, dtergent, endonuclease, - Rabbit focal corneal [175]
milling, CMC/NHS crosslinking defect

Ahearne 2015 Porcine Freeze-thaw, nuclease - - - [176]

Hong 2018 Human Trypsin, DNase, RNase, plastic - Rabbit anterior lamellar | [177]
compression collagen thermal gel keratoplasty

Kim 2019 Bovine Ammonium hydroxide-Triton Peracetic acid Mouse/ Subcutaneous/ | [178]
X-100, Rabbit corneal pocket

Ahearne 2020 - SDS, Triton X-100, DNase, RNase | - - - [179]

Zhou 2021 Porcine Freeze-dried, milled - Mouse Corneal wound | [180]




1.3.1.2. Culture-derived ECM matrices

A number of full thickness tissue-engineered cornea models have been developed using cell
culture systems (Table 1.7). These systems either grow CSF, CSK or CSSC on tissue culture
plastic (TCP), transwell inserts, or a matrix in order to create a thick layer of corneal stroma.
Once the CSKs or CSFs have proliferated into a layer of stroma, CEpCs are seeded on the
top and/or CEnCs are seeded on the lower surface to develop a full thickness graft. The
majority of these constructs are used to conduct experiments on the proliferative capacity
and cell-cell interactions of the constructs in vitro. Models have been developed for type I
and type II diabetes mellitus [181], keratoconus [182], and FCD [183].

Three studies of tissue engineered corneas have been evaluated in animal models. In 2017,
Zhang et al. demonstrated the efficacy of a cultured CEnC for endothelial reconstruction
in rabbits [184]. Syed-Picard et al. generated CSSC constructs on fibronectin that were
successfully implanted in intrastromal pockets in mice [185]. Peh et al. used a similar
model to demonstrate the efficacy of CEnCs cultured on a collagen matrix for endothelial
keratoplasty [186]. Finally, Rico-Sanchez et al. demonstrated that a CSK and CEpC graft
cultured on a fibrin-agarose substrate can be effectively used for anterior lamellar keratoplasty
[187].

There has been a single report of a tissue engineered corneas used in a human clinical trial.
Le-Bel et al. published a case report of a 72 -year old woman who received a cultured HCEpC
graft for a spontaneous perforation caused by underlying Herpes Zoster Ophthalmicus neu-
rotrophic keratitis [188]. Despite slow wound healing due to a Stapholococcus epidermidis
infection, the HCEpC graft was successful at restoring the corneal surface so a successful
penetrating keratoplasty could be performed with a HDC to restore the patient’s corneal

transparency.
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Tab. 1.6. Decellularized Materials as Tissue Culture Substrates

Identifier | Donor Decellularization Sterilization | Cell Model Surgery Ref
species Method Technique Type Species Performed
Epithelium
Zhang Canine I mM Tris-HCI, 1% Triton | y-irradiation | MSC, [189]
2012 X-100, 0.25% LESC
trypsin-EDTA, DNase and
RNase, freeze dried
Luo 2013 | Porcine Hypotonic/hypertonic, 15 K ®Co amniotic Rabbit Lamellar [190]
0.2% Triton X-10 epithelial Keratoplasty
cells
Zhao 2014 | Porcine SDS v-irradiation | CEpC Rabbit Intracorneal | [191]
Conjunc- (25 kGy) transplanta-
tiva tion
Wu 2014 Porcine Hypotonic, Phospholipase | y-irradiation | LESC Rabbit Lamellar [192]
A2 and 0.5% sodium (25 kGy) Keratoplasty
deoxycholate,
Phospholipase A2
Stroma
Xiao 2011 | Porcine Phospholipase A2 v-irradiation | CSK Rabbit Lamellar [130]
(25 kGy) Keratoplasty
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Identifier | Donor Decellularization Sterilization | Cell Model Surgery Ref
species Method Technique Type Species Performed
Cen 2020 | Canine 1.5 M NaOH y-irradiation | MSC Rabbit Lamellar [135]
Keratoplasty
Endothelium
Proulx Human freeze /thaw - CEnC Cat Penetrating | [193]
2009 Keratoplasty
Full Thickness
Yoeruek Porcine hypotonic tris buffer, - CSK, [194]
2012 ethylene diamine CEpC,
tetraacetic acid (EDTA, CEnC
0.1%), aprotinin (10 KIU/
ml) and 0.3% sodium
dodecyl sulphate
Zhang Porcine NaCl, DNase, RNase Pen/Strep LESC, Rabbit Penetrating
2017 CFC, Keratoplasty
CEnC
Xu 2017 Porcine 0.5% sodium deoxycholate | y-irradiation | non-tumor | Dog Lamellar [133]
and 0.04% sodium igenic Keratoplasty
orthovanadate, DNase | CEpC,

and RNase A

CSK
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Tab. 1.7. Cultured Tissue-Engineered Corneas

Identifier Matrix and/or Culture | Cell Cell Types Model Species | Surgery Ref
Surface Source

Zieske 1994 Matrix deposited by Rabbit CSF, CEpC, - - [195]
fibroblasts CEnC

Guo 2007 Polyester or polycarbonate | Human CSK - - [196]
membrane

Carrier 2008 | Matrix deposited by Human CSK, CEpC, - - [197]
fibroblasts CEnC

Ren 2008 Disorganized pepsin Human CSF - - [198]
extracted bovine dermal
collagen

Gonzalez- Fibrin-agarose Human CSK, CEpC - - [199]

Andrades

2009

Carrier 2009 | Matrix deposited by Human CSF and CEpC, | - - [200]
fibroblasts CSF and SEpC,

SF and CEpC,
SF and SEpC
Guillemette | Microstructured Human CSF, CEpC - - [201]
2009 thermoplastic elastomer
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Identifier Matrix and/or Culture | Cell Cell Types Model Species | Surgery Ref
Surface Source

Proulx 2010 | Matrix deposited by Human CSF, CEpC, - - [202]
fibroblasts CEnC

Karamichos | polycarbonate membrane | Human CSK - - [203]

2010

Karamichos | TCP Human CSF - - [204]

2011

Karamichos | polycarbonate membrane Human CSF (Healthy - -

2012 and

Keratoconus)

Wu 2012 poly(ester urethane) urea | Human CSSC - - [205]

Lake 2013 Fibronectin or matrix Rabbit CSF, CEpC - - [206]
deposited by fibroblasts

Zaniolo 2013 | Matrix deposited by Human CEpC, CSF, - - [207]
fibroblasts

Karamichos | TCP Human CSF, CSK - - [208]

2013

Karamichos | polycarbonate Transwell Human CSSC - - [209]

2014 filters

Wu 2014 Silk fibroin patterned film | Human CSSC, CSF - - [210]

functionalized with RGD
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Identifier Matrix and/or Culture | Cell Cell Types Model Species | Surgery Ref
Surface Source

Wu 2014b poly(ester urethane) urea | Human CSSC, CSF - - [192]

Abidin 2015 | Collagen Human CSK - - [211]

Bourget 2016 | Matrix deposited by Human CSK, CEnC - - [212]
fibroblasts

Couture 2016 | Matrix deposited by Human CEpC, CSF, - - [213]
fibroblasts

Priyadarsini, | polycarbonate membrane | Human CSF (Healthy, |- - [181]

2016 Type I and

Type II diabetes
mellitus)

Zhang 2017 | Collagen IV, hLaminin Human CEnC Rabbit Endothelial [184]
-511 or hLaminim -521 keratoplasty

Ghezzi 2017 | Silk fibroin patterned film | Human CSF, CSSC - - [214]
functionalized with RGD

Couture 2018 | Matrix deposited by Human CEpC, CSF, - - [183]
fibroblasts

Deardorff Silk fibroin patterned film | Human CSSC, CEpC, - - [215]

2018 functionalized with RGD induced neural

stem cells
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Identifier Matrix and/or Culture | Cell Cell Types Model Species | Surgery Ref
Surface Source
Syed-Picard | Fibronectin coated- Human CSSC Mice Intrastromal [185]
2018 polydimethylsiloxane pocket
(PDMS) vs Matrix
deposited by fibroblasts
Thériault FNC Human CEnC (Healthy |- - [183]
2018 and FCD)
Peh 2019 Collagen Human CEnC Rabbit Endothelial [186]
keratoplasty
Rico-Sanchez | Fibrin-agarose Human CSK, CEpC Rabbit Anterior [186]
2019 lamellar
keratoplasty
Le-Bel 2019 | Fibrin Human CEpC Human - Herpes | Autologus [188]
Zoster epithelial
Ophthalmic transplant, PK
neurotrophic
keratitis
McKay 2019 | polycarbonate membrane Human CSF, CEpC, - - [216]

CEnC




1.4. Keratoprostheses with Regenerative Properties

Traditional KPros are composed of an optical core and a skirt for attachment and in-
tegration to the cornea. The optic is made from a clear, but biologically inert, material
such as PMMA which is attached to a biological skirt such as a piece of cornea, with the
use of PMMA or titanium plates that hold them in place [217]. The devices do not contain
bioactive ligands for cell adhesion. An incompletely adhered PMMA optic stem leaves a
gap between the medical device and the tissue allowing for the passage of aqueous humour
out of the anterior chamber, passage of infectious microorganisms into the anterior chamber,
epithelial downgrowth, and potential loosening or extrusion of the device [218].

A number of strategies have been devised to improve the cell adhesion properties of
KPros. The first strategy employed a coating of di-amino-PEG that was either conjugated
to a peptide to promote adhesion or coated alone to prevent unwanted cell adhesion over
the optics [218]. The second strategy uses hydroxyapatite, a primary component of bone,
to improve collagen adhesion to the PMMA. Wang et al coated PMMA with hydroxya-
patite using simulated body fluid (SBF) after treatment with either sodium hydroxide,
dopamine, or dopamine and 11-mercaptoundecanoic acid (MUA) [219]. All three coating
methods improved cell adhesion of stromal fibroblasts in wvitro. The biointegration of the
hydroxyapatite-coated PMMA was tested by incubating cylinders of the PMMA-dopamine-
11-MUA-hydroxyapatite material in ex vivo porcine corneas for two weeks. The coating
significantly increased the force required to remove the cylinder from the cornea by 14.7
times the force. Implantation into rabbit corneas revealed that the hydroxyapatite coating
reduced the inflammatory foreign body response at one month post-operation compated to
uncoated PMMA.

Riau et al compared plasma oxygen, dopamine and 11-MUA, and dopamine and
3-(aminopropyl)triethoxysilane pre-treatment before SBF incubation to adhere calcium
phosphate to PMMA [220]. The coatings were tested by adhering collagen hydrogels
to the surface. The plasma-calcium phosphate coating had the best interfacial adhe-
sion, but the dopamine-calcium phosphate coating had longer lasting adhesion. The
3-(aminopropyl)triethoxysilane-calcium phosphate group was toxic to corneal fibroblasts.
Overall the dopmaine-calcium phosphate coated PMMA provided the best surface for bioin-

tegration and cell adhesion. Riau et al also tested a hydroxyapatite and TiO, nanoparticle
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(NP) coating of PMMA [221]. Chloroform was used to pit the PMMA surface to allow NP
hydroxyapatite-TiO9-NPs to adhere. The NP coating improved collagen and fibroblast adhe-
sion on the PMMA surface. Chloroform dip-coating was then used to adhere hydroxyapatite
NPs to PMMA to improve surface adhesion. After coating, the hydroxyapatite-NP coated
surface was plasma treated to remove contaminants. The hydroxyapatite-NPs significantly
improved collagen adhesion, demonstrated by a significant improvement of mean adhesion
strength. The hydroxyapatite-NPs also supported corneal fibroblast proliferation in wvitro.
PMMA has also been coated to improve the antibacterial properties of KPros. Radio
frequency sputtering was used to coat PMMA with silver/silica NPs [222]. The coating
resisted tape removal and was stable in liquid for one month. It inhibited the growth of S.
aureus providing the potential to fight ocular bacterial infections. Behalu et al coated PMMA
and titanium with N N-hexyl,methyl-polyethylenimine (HMPEI) [223]. After coating, the
materials were sterilized with ethylene oxide. HMPEI coating inhibited S. aureus clinical
isolate and biofilm formation and promoted HCEnC proliferation in wvitro. Intrastromal
or anterior chamber implantation in rabbits was tolerated with decreased edema in the
KPro front piece model and decreased mucous accumulation in the full implantation model

compared to uncoated controls.

1.5. Biosynthetic-Based Implants

Biomaterial implants for the cornea have been designed from a number of naturally
occurring proteins, polysaccharides and GAGs, including: collagen, gelatin, silk, agarose,
chitin, cellulose and hyaluronic acid. For the purposes of this thesis, I will only review

collagen-based or self-assembling, collagen-inspired materials.
1.5.1. Collagen-Based Biomaterials

Collagen is the primary structural component of the corneal ECM and one of the proteins
best-positioned to serve as a scaffold for cellular infiltration in a wound. Collagen contains
integrin-binding sites, used to anchor cells to the ECM, which allow for colonization of the
scaffold with proliferating or migrating cells [224]. The cornea already has a regulatory

mechanism for the production and degradation of collagen discussed in Section 1.1.1, which
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means that the cells can remodel the surrounding matrix, replacing the scaffold collagen with
newly secreted collagen they produce.

Collagen is abundant in mammalian tissue and it can be easily extracted from porcine,
bovine and rat-based sources. Mature collagen isolated from tissues has been stabilized and
crosslinked by the enzyme lysyl oxidase. In the process of crosslinking lysine, hydroxylysine
and histidine are depleted [225]. Lysine particularly is a prime target for crosslinking and
side group modification and is one of the most important moieties for the type of active
ester chemistry used in all of the studies in this thesis. Naive collagen is a very good
starting material for this type of manufacture as it’s very predictable in its make-up; it will
have very close to 100% availability of non-modified lysines [226]. The high availability of
carboxylic acids and amines also allows for modification of the material using non-collagen
ECM components if needed. Collagen can be processed at a relatively wide range of pH
without degradation of its quaternary structure, which allows for step-wise processing or
combination of chemistries with different pH requirements [227]. The beneficial mechanical
properties that come with collagen-based materials even at relatively low solid content allows
for integration of interpenetrating networks that can carry additional functionality, such
as modulation of cell adhesion, and infiltration speed, resistance to harmful chemical or
biological processes, as well as osmotic regulation. When extracted using acidic processes,
collagen can be purified as atelocollagen, with its triple-helix structure intact [228]. If a
hydrolysis-based process is used, the triple-helix structure becomes unwound, producing
gelatin [229]. This harsh processing increases the likelihood of contaminants from the tissue
that can act as DAMPs. It is likely that xenogeneic collagens will always carry some small
parts of partially degraded protein or ECM components that can trigger an innate immune
response. While there is always a risk of partial degradation of proteins during isolation,
this risk is far greater when using animal derived products compared to transgenic systems.

Collagen can be produced recombinantly using fermentation or plant-based methods [230,
231]. These methods have the benefit of producing the exact collagen type required for the
scaffold and circumvents the risk of inflammatory reactions or infectious disease that ac-
company the use of xenogenic collagens in human medical applications. When collagens are
produced in a transgenic system, the state of the collagen during extraction is that of a

“young” tissue, it lacks the dense crosslinking and some of the types of crosslinks that are
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found in more mature collagen. Pichia pastoris has been used to produce both recombinant
human collagen type I and type III. This is a complex process because the yeast expression
system must encode the collagen and the enzymes prolyl 4-hydroxylase and pepsin to hy-
droxylate the proline residues in the primary structure and cleave the telopeptides from the
full-length collagen, respectively. Collagen type I has also been expressed in tobacco plants
with prolyl 4-hydroxylase and lysyl hydroxylase 3 for post-translational modification [231].
The use of tobacco provides an opportunity for farmers to convert from the production of
tobacco for cigarettes, an industry that will only continue to decrease in size due to the harms
of tobacco smoking or other consumption, to the production of the raw material necessary
for regenerative medicine applications.

There is an extremely diverse array of collagen-based hydrogels that have been designed
to promote corneal wound healing. The primary types of collagen used in the literature are:
rat collagen I (RCI), bovine collagen I (BCI), porcine collagen I (PCI), recombinant human
collagen type I (RHCI), and recombinant human collagen, type III (RHCIII).

Xenogeneic collagens have been used extensively in corneal regenerative applications,
with a diverse array of methods for producing collagen hydrogels, films and sponges (Table
1.8). Unfortunately, none of these biomaterials have progressed beyond efficacy studies in

small animal models, such as rabbits.
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Tab. 1.8. Xenogeneic Collagen-Based Biomaterials

Primary Scaffold

Identifier Method of Cell Surgical | Surgery Ref
Material
Manufacture Culture Model
Model
Orwin 2000 Bovine Collagen I Sponge CEpC, [232]
CSK,
CEnC
Orwin 2003 Bovine Collagen I CSF [233]
Mimura 2004 Bovine Collagen I Dried CEnC Rabbit Descemet [234]
Replacement
Borene 2004 Bovine Collagen I lyophilized, CSF [235]
dyhydrothermally
crosslinked sponge
Crabb 2006 Bovine Collagen I Sponge CSF [236]
Duan 2006 Bovine Collagen I EDC/ CEpC [237]
Glutaraldehyde/
dendrimer
Duan 2007 Bovine Collagen I EDC-NHS- YIGSR CEpC [238]

Dendrimer
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Primary Scaffold

Identifier Method of Cell Surgical | Surgery Ref
Material
Manufacture Culture Model
Model
Rat Collagen I -
Vrana 2008 EDC/NHS, CSK [239]
chondroitin sulfate
lyophilized, soaked in
CS, EDC/NHS
Mi 2010 Rat Collagen I Plastic compression | LESC [240]
Builles 2010 Rat Collagen I Magnetic Alignment | LESC/ Rabbits anterior lamellar [241]
and EDC/NHS CSK keratoplasty
Ahearne 2010 Rat Collagen I CSF [242]
Ahearne 2010 Rat Collagen I Riboflavin/ UVA CSF [243]
Ke 2011 Rat Collagen I Self-assembly LESC [244]
Rat Tail Collagen I
w+w/o Elastin-like
Kilic 2014 Solvent-film CSK [245]
recombi-
namer(YIGSR)
Xiao 2014 Rat Collagen I Plastic compression Rabbit Stromal Pocket [246]
Chae 2015 Bovine Collagen I Drying LESC Rabbit Lamellar [247]
Keratectomy
Koulikovska Porcine Collagen I EDC/NHS HCEpC/ | Rabbits intrastromal [248]
2015 HCF keratoplasty
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Primary Scaffold

Identifier Method of Cell Surgical | Surgery Ref
Material
Manufacture Culture Model
Model
Kureshi 2015 Rat Collagen I Thermal gel CSSC, [249]
LESC
Palchesko 2016 | Rat Collagen I Plastic Compression, | CEnC [250]
COL4-LAM surfce
coating
Porcine Collagen
Rafat 2016 LMPC EDC/NHS/ HCEpC Rabbits intrastromal [251]
) APS/TEMED keratoplasty
(Core/Skirt)
Vazquez 2016 Human Collagen I Air drying, UV CEnC Rabbit DMEK [252]
Kishore 2016 Bovine Collagen I Electrochemical CSK [253]
compaction
EDC/NHS
Rat Collagen
Kong 2017 electrospinning/ CEpC, [254]
[/PLGA
plastic compression CSK
Bovine Collagen T -
Isaacson 2018 3D Printing CSK [255]
methacrylated
Cen 2018 Rat Collagen I Plastic compression CEnC [256]
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Primary Scaffold

Identifier Method of Cell Surgical | Surgery Ref
Material
Manufacture Culture Model
Model
Shojaati 2018 Rat Collagen I Film formation CSSC Mice Superficial stromal | [257]
wound
Mukhey 2018 Rat Collagen I Thermal gels CSSC [258]
Rat Collagen I -
Miotto 2019 Plastic compression CSMF [259]
peptide ampiphile
Gouveia 2019 Rat Collagen I Plastic compression CSK [260]
Liu 2019 Bovine Collagen I EDC/NHS - - Rabbits anterior lamellar [261]
Lyophilization keratoplasty
Arabpour 2019 | PLGA /collagen I Electrospinning Human en- [262]
dometrial

stem cells
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Primary Scaffold

Identifier Method of Cell Surgical | Surgery Ref
Material
Manufacture Culture Model
Model
Xeroudaki 2020 | Porcine Collagen I EDC/NHS CEpC Rabbits / | anterior lamellar [263]
Rats keratoplasty or
hybrid
intrastromal
LASIK flap
combined with
anterior lamellar
keratoplasty
Chen 2020 Bovine Collagen HA-azido-PEG5- CEpC Rabbits Partial [264]
I /Hyaluronate
NHS, keratectomy
DBCO-sulfo-NHS
w-Coll, click
chemistry upon
mixing
Fernandes- Bovine Collagen I PEG-NHS CEpC Rabbits Partial [265]
Cunha keratectomy

2020




0¥

Primary Scaffold

Identifier Method of Cell Surgical | Surgery Ref
Material
Manufacture Culture Model
Model
Wang 2020 Collagen /Vitrigel Ammonium CEnC, [266]
crosslinking, beta CSK
cyclodextric
Islam 2021 Porcine Collagen I EDC/ CEpC, [267]
Glutaraldehyde CSK,
CEnC
Na 2021 Bovine Collagen I PEG-NHS MSC Ez vivo / [268|
encapsulation Organ

Culture




Our group has been developing collagen based scaffolds for corneal regeneration for the
last two decades. An initial comparison of RHCI vs. RHCIII indicated that performance of
both recombinant collagens was similar. RHCIII fibrils were finer and allowed for a more
tightly packed structure, as well as greater light transmission [269]. RHCIII corneal implants
were designed using crosslinking with carbodiimide chemistry and moulded as 500 pm thick,
10 mm diameter corneal implants. A pilot study on the safety and efficacy of RHCIII
implants was conducted in ten patients presenting with keratoconus or central scarring in
the visual axis [270, 271|. Study participants received a central corneal graft of the RHCIII
implant by anterior lamellar keratoplasty. Follow-ups at two- and four-years post-surgery
indicated that the RHCIII grafts were well tolerated and successful in restoring the vision of
the patients.

The RHCIII material was revised to add an interpenetrating network of polyphospho-
rylcholine [272]. Phosphorylcholine is an inflammation suppressing polymer that was added
to increase the mechanical strength of the implants and prevent swelling and inflammation
of the cornea in high-risk patients. An initial study of this material in a rabbit alkali burn
model showed that the RHCIII-MPC material resulted in full epithelial coverage and growth
of new stromal keratocytes, while resisting neovascularization [273]. The RHCIII-MPC im-
plants were tested in a case series of high-risk participants with viral and fungal infection
scars, alkali and thermal burns, and corneal ulcers [274]. In the participants with scar-
ring, the RHCIII-MPC material improved central corneal transparency. Re-epithelialization
was slowed in the participants with alkali and thermal burns due to LESC deficiency. In
the participants with corneal ulcers, both of whom were neurologically blind, the regenera-
tion of corneal tissue resulted in improved innervation and a cessation of corneal pain from
the ulcers. Overall, the RHCIII-based materials represent the first human clinical trials of
collagen-based biomaterials in the cornea and showed excellent safety and efficacy in both

low and high-risk patients.
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Fig. 1.3. Patients are divided into three groups based on their pre-operative diagnoses:
infection (herpes simplex viral and fungal keratitis), burns (alkali and thermal) and other
(failed graft and poststroke neurotrophic keratitis). Post-operation, regenerated neocorneas
from Patients 1 and 2 are mostly clear. In Patients 3 and 4, where stem cell deficiency is
present, some superficial vessels concurrent with conjunctival invasion are seen. Patient 5
has a mostly clear cornea encircled by blood vessels but has invaded in one quadrant, while
Patient 6’s cornea remains hazy. Patient 2 has an unrelated nasal pterygium. Reproduced
from Islam et al. [274] under a Creative Commons Attribution 4.0 International License (CC

BY 4.0).

1.5.2. Collagen Mimetic Peptide-Based Biomaterials

In 1998, Holmgren et al determined that the stability of the collagen helix was maintained
by inductive interactions between the X,.-Y..,-Gly triple amino acid repeats in the collagen
structure, not hydrogen bonds mediated by water bridges. Previous data had shown that
(Pro-Pro-Gly);9 and (Pro-Hyp-Gly)qo peptides are stable in methanol or propane-1,2-diol in
the absence of water [275]. In this study, peptides composed of (Pro-Hyp-Gly)yo, (Pro-Pro-
Gly)1o and (Pro-Flp-Gly)yo, where Flp is 4(R)-fluoroproline were compared for triple helix
formation. Flp is unable to form hydrogen bonds due to the electronegativity of the fluorine.
All three peptides showed similar stability using circular dichroism, indicating that hydrogen
bonding is not the mechanism for collagen triple-helix, as previously thought. Based on this
information about X,,-Y..-Gly amino acid triplicates, O’Leary et al. designed a collagen

mimicking peptide (CMP) or collagen-like peptide (CLP), designed to be a minimal unit for

42



self-assembled fibril formation [276]. This peptide monomer consists of (Pro-Lys-Gly),(Pro-
Hyp-Gly)4(Asp-Hyp-Gly)s. It forms stable hydrogels based on fibrillar assembly at solid
contents as low as 0.5% in water, Tris-buffer and PBS.

CLPs are an ideal functional substitute for full length collagen due to their synthetic origin
and ease of processing. Peptides under approximately 40 amino acids can be synthesized
by solid state synthesis, a readily commercially available service. Unlike animal collagens,
which present concerns about infectious disease transmission, and recombinant collagens,
whose manufacture is limited to select companies, CLPs can be affordably acquired from
pharmaceutical-grade suppliers globally. CLPs are designed to be monomerized using high
temperatures in order to undergo fibrillar assembly during thermal gelation. This means that
unlike atelocollagens, CLPs can be processed using heat to reduce viscosity during moulding,
instead of requiring high-pressure mixing (1 MPa) at 2-8°C due to the high viscosity of RHC
solutions.

In 2016, the Griffith group modified the primary amino acid structure of the O’Leary
CLP to add a thiol-containing cysteine with a glycine spacer to the N-terminus of the pep-
tide |Cys-Gly-(Pro-Lys-Gly)4(Pro-Hyp-Gly)4(Asp-Hyp-Gly)4| [278]. The thiol group was
used to conjugate the peptide to an 8-arm polyethylene glycol (hexaglycerol core) (PEG)
functionalized with malemide groups. The CLP-PEG conjugate was crosslinked into hydro-
gels using the carbodiimide chemistry employed in the predicate RHCIII materials. An in
vivo study, conducted in Gottingen mini-pigs concluded that CLP-PEG performed equiva-
lently to RHCIII-MPC in a deep anterior lamellar keratoplasty surgical model (Figure 1.4)
[277, 278|.

1.5.3. Peptide Ampiphile-Based Biomaterials

Peptide ampiphiles (PAs) were initially identified as substrates for corneal fibroblasts in
2013 [279]. Jones et al. demonstrated that the peptide ampiphile C1-~KTTKS increased
corneal fibroblast collagen secretion in a dose dependant manner. In 2014, the peptide
ampiphile AgRGD was shown to form short fibrils in a concentration dependent-manner
based on fS-sheet assemblies [280]. AgRGD films from 0.1-1.0% wt allowed for CSF attach-
ment and proliferation. A subsequent study of C;4G3RGD (RGD) and C14G3RGDS (RGDS)
PAs mixed with Ci4-ETTES demonstrated that both PAs formed successful cell culture
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Fig. 1.4. RHCIII-MPC and CLP-PEG corneal implants and their performance in mini-pigs
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Fig. 1.4. Examples of optically clear RHCIII-MPC and CLP-PEG hydrogel implants (a).
After 12 months of implantation in corneas of mini-pigs, the implants remain clear like the
unoperated cornea. Arrows indicate the boundaries of the implants. In wvivo confocal mi-
croscopy shows that both RHCIII-MPC and CLP-PEG implanted corneas have regenerated
their epithelium (b), stroma (c) and sub-epithelial nerve plexus (d) to resemble their coun-
terparts in the normal, healthy cornea. Scale bars, 150 mm. Aesthesiometry measures the
pressure needed to obtain a blink reaction, i.e. touch sensitivity, which is correlated to nerve
function. Pre-operatively, all healthy corneas showed a response to light touch. At 5 weeks
post-operation, the implanted corneas were non-responsive, even with maximal pressure ex-
erted. At 3 months, touch sensitivity is returning so less pressure was needed for a response.

*—p < .05 as compared to un-operated

By 6 months, sensitivity was back to normal levels.
eyes (Kruskal-Wallis test with Bonferroni post hoc test). Reproduced from Jangamreddy et

al. [277] under a Creative Commons Attribution 4.0 International License (CC BY 4.0).

coatings on hydrophilic surfaces for the attachment and proliferation of CSFs [281]. The
C16G3RGD PA can also be used to generate self-curving tissue culture constructs in combi-
nation with a collagen-base [259]. The presence of PAs in the collagen material prevents con-
traction of the construct by myofibroblasts. The peptide ampiphile C14-YEALRVANEVTL,
derived from lumican, allowed for increased collagen production from CSFs, compared to
TCP [282]. This PA aggregated into nanotapes and increased collagen secretion from CSFs
two-fold in an activin receptor-like kinase receptor dependant process.

PAs have been developed to act as self-lifting auto-generated tissue equivalents (SLATESs)
for CSFs. A self-releasing cell culture coating was designed based on the peptide ampiphile
C16-TPGPQGIAGQRGDS, which contains a MMP1 cleavage site [283, 284]. This self-
assembling peptide-ampiphile supported CSF attachment and proliferation. After the re-
moval of retinoic acid (RA) from the cell culture media, MMPs released the tissue sheet
from the cell culture plate. A new coating of Ci-TPGPQGIAGQRGDS allowed for re-
attachment of the sheet. A subsequent study was conducted of a PA film using a 15:85
ratio of C1-TPGPQGIAGQRGDS and C14-ETTES, respectively [284]. The PA coating was
deposited on a microrubbed polytetrafluoroethylene (PTFE) coated glass slide to produce

aligned materials and directly onto a silica glass coverslip to produce non-aligned materials.
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CSFs were seeded on the two surfaces and cultured until a multi-layered tissue was formed.
Removal of retinoic acid from the culture media allowed MMP cleavage of the tissue sheet in
three days. In 2017, this culture methodology was combined with the seeding of CEpCs on
the CSF tissue substrate to form SLATEs [285|. CSFs were originally cultured on aligned or
random SLATESs for analysis. The aligned SLATE (aSLATE) has a greater elastic modulus
than the random SLATE and increased expression of collagen, proteglycan, enzyme mRNA |
as well as reduced fibrotic markers. THC confirmed significantly more collagen type I, collagen
type V and decorin depostion on the aSLATE. The aSLATE also supported greater cytok-
eratin 3 and [-integrin expression in CEpC seeded on the tissue. Both CSF-only SLATESs
were implanted into peripheral intrastromal pockets in the same eye of rabbits. At 9 month
follow-up both constructs were well tolerated with minimal haze and edema. THC analysis
one and nine months after implantation showed that the the aSLATE had reduced vimentin
and a-SMA expression than the rSLATE. Overall, the aSLATE generated successful corneal

stromal grafts.

1.6. Fabricating Biomaterials for Delivery

1.6.1. Molding

The vast majority of the biomaterials discussed in sections 1.3.1.1, 1.5.1 and 1.5.2 are
manufactured by molding, either as films, flat sheets, or in the form of semi-spherical corneal
implants. Molding is advantageous because it allows for the production of biomaterials with
identical physical dimensions. It is a fast and efficient manufacturing method and can easily
be adapted for future automation for commercial manufacturing. The Griffith lab’s corneal
implants are molded using a sandwich of two identical polypropylene molds, designed to
match the curvature of the human eye. These molds produce implants that are 10 mm in
diameter and 500 pm thick, so they are appropriate for deep anterior lamellar keratoplasty
procedures. The group also has thinner molds designed for use in rabbits (350 pm) and

rodents (200 pm) to facilitate pre-clinical trials.

1.6.2. 3D Printing

3D printing of corneas is usually bioprinting that contains cells. 3D printers are unable

to generate smooth, high resolution curves due to their linear application of bioink. Their
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advantage is the ability to print corneal cells directly into the hydrogel matrix to allow
the CSKs to immediate repopulate the graft, instead of migrating into the graft from the
periphery. The first report of a 3D printed corneal tissue was published by I[saacson et al in
2018 [255]. CSK keratocytes were 3D printed in a bioink composed of alginate and collagen
[-methacrylate (ColMA) and solidified using CaCly. The CSKs in the 3D printed structure
were viable after seven days in culture. Duarte-Campos et al. reported a CSK-containing
corneal stromal graft 3D printed using a 0.5% agarose with 0.2% collagen hydrogel [286].
After seven days in culture, the CSKs expressed keratocan and lumican, but not the a-SMA
indicative of myofibroblasts. In 2019, Park et al. reported the successful transplantation
of CSKs 3D printed in a bioink composed of dECM [287]|. Four weeks post-surgery the
CSKs were visible in H&E analysis of the tissue. Inflammatory cells, but not T-cells, were
observed in the immediate vicinity of the grafts, suggesting a moderate immune repsonse
to the grafted tissue. Kutlehria et al also reported a 3D printed corneal stroma using an
alginate, collagen I, and gelatin bioink [288|. After 2 weeks of culture, the CSKs had >95%
cell viability and expressed fibrin and actin.

Gelatin-methacrylate (GelMA) has also been used to 3D print corneal stromal tissue.
Bektas et al report CSKs that were 3D printed in GelMA containing Irgacure 2959, which
was subsequently photocrosslinked using UV light [289]. After 21 days of culture, 98% of the
CSKs were viable. Mahdavi et al also used 12.5% GelMA bioink to print a corneal stromal
equivalent [290]. After 28 days in culture the printed CSKs expressed collagen I and lumican.

There is a single report of an acellular 3D printed corneal implant. Gibney et al reported
an aerosol jet printed collagen III corneal implant crosslinked using carbodiimide chemistry
[291]. The material was optically clear and had an elastic modulus of 506 + 173 kPa.They

did not perform cell compatibility studies.

1.6.3. Injectable Hydrogels

Injectable hydrogels are designed to be applied as a liquid and solidify in the wound.
These biomaterials can be designed to gel using physical methods such as ionic crosslinking
[292, 293|, hydrophobic interactions [294, 295], host-guest interactions [296-298|, 7 — 7 stack-
ing [299], or hydrogen bonding [300]. Alternatively, they can employ chemical crosslinking
like click reactions [301-310], Michael addition [311, 312|, photo-polymerization [313-316],
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Schiff’s base reaction [317, 318|, or enzymatic crosslinking [319, 320|. Injectable hydrogels
have been designed using a wide variety of biomolymers including, but not limited to, gelatin-
methacrylate, PEGs, chitosan, alginate, and hyaluronic acid [321]|. For a complete review of

injectable hydrogels please see Appendix A.

1.7. Anti-infective Additives for Corneal Implants

Fabricated biomaterials-based corneal implant present a unique opportunity to add func-
tional molecules, enzymes or NPs to expand the wound healing or anti-infective properties of
the material. The additives can be directly conjugated to the hydrogel matrix or entrapped
in the porous structure of the hydrogel material. Several iterations of antibacterial solid and
in situ corneal implants have been developed. Anumolu et al developed an in situ gelling
doxycycline (DOX) loaded PEG hydrogel that released the DOX in a biphasic pattern over
seven days [322|. Ex vivo rabbit corneal organ cultures showed that the DOX had improved
corneal penetrance. When wounded with CEES (half mustard, 2-chloroethyl ethyl sulfide),
the DOX hydrogels improved corneal wound healing with a flattened epithelial-stromal bor-
der compared to wounded corneas treated with DOX eye drops. The DOX hydrogel also
reduced MMP-9 in the corneal epithelium. Unas Daza et al developed a polyvinyl alco-
hol (PVA)/anionic collagen membranes containing ciprofloxacin or tobramycin [323|. These
membranes were effective in preventing E. coli and S. aureus proliferation in wvitro. Chang
et al developed a collagen/gelatin/alginate hydrogel containing liposomal dexamethasone-
moxifloaxin NPs to promote corneal wound healing in corneal infections [324]. In an ex vivo
central corneal epithelial debridement mouse model, the NP-hydrogel material promoted
corneal wound healing and decreased leukocyte infiltration and corneal edema. Khalil et al
developed an in situ gelatin methacrylate (GelMA) hydrogel containing ciprofloxacin micelles
[325]. The GelMA-ciprofloxacin micelle hydrogels inhibited the proliferation of S. aureus and
P. aeruginosa in vitro. The GelMA-ciprofloxacin micelle hydrogels also inhibited P. aerug-
inmosa in an ez vivo porcine corneal culture model. Overall, hydrogel materials provide an
opportunity to expand their functionality beyond wound healing, into the prevention and

control of corneal infections.
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Chapter 2

Thesis Research Summary

2.1. Rationale

There is an urgent need for corneal therapies that are accessible in regions where HDCs
are not available, or contraindicated for use in patients at high-risk for graft rejection. These
therapies need to have a long-shelf life, thermostability for deployment and biocompatibility
in high-risk patients. There are two types of biomaterials products that can meet this need.
Solid corneal implants are intended for the grafting of large corneal opacities (3-6 mm) and
use by ophthalmic surgeons. In situ gelling hydrogels provide the opportunity to seal small
corneal perforations (1-3 mm) and to fill large superficial corneal wounds. This thesis explores
biomaterials formulations for solid and in situ gelling corneal biomaterials, their performance
as composite devices, the addition of terminal sterilization to the manufacture of solid corneal

implants, and the development of future collagen mimetic proteins for hydrogel formulations.

2.2. Objectives and Hypotheses

Objective 1. Develop a solid corneal implant suitable for implantation in high-
risk corneal patients
Hypotheses
A. Phosphorylcholine will reduce inflammation and improve corneal regeneration in al-
kali burns
B. Peptide-capped silver nanoparticles coated on collagen hydrogels can inhibit bacteria.

C. Electron-beam is an effective sterilization method for RHCIII-MPC corneal implants



Objective 2. Design a hydrogel that will solidify in situ to seal corneal perfora-
tions
Hypotheses

A. Fibrinogen can be added to a CLP-PEG hydrogel to seal it to a corneal wound bed

using thrombin

B. A CLP-PEG-fibrin(ogen) hydrogel can regenerate corneal tissue
Objective 3. Improve the design and performance of collagen mimetic proteins
for future corneal biomaterials
Hypotheses

A. Collagen mimetic proteins can be produced using a low-endotoxin E. coli expression

system and purified for use in biomaterial manufacture

2.3. Summary of Research Papers and Contributions

Article 1. Collagen analogs with phosphorylcholine as inflammation-suppressing

scaffolds for corneal regeneration in high-risk alkali burns

Reproduction of: Simpson, FC*, McTiernan C*, Islam MM, Buznyk O, Lewis PN, Meek
KM, Haagdorens M, Audiger C, Lesage S, Gueriot FX, Brunette I, Robert MC, Olsen D,
Koivusalo L, Liszka A, Fagerholm P*, Gonzalez-Andrades M*, Griffith M*. Collagen analogs
with phosphorylcholine as inflammation-suppressing scaffolds for corneal regeneration in
high-risk alkali burns. Commun Biol. 2021;4:608. (* Equivalent contributions) Reproduced
under a Creative Commons Attribution 4.0 International Public License (CC BY).

Contributions

I helped plan the study logistics and collect the samples from the pig study, performed the
dendritic cell assays and immunohistochemistry, and analysed the clinical results from the
pig study. I wrote the primary draft of the manuscript with CDM and MG, and assembled

all the figures. I contributed to revisions and approved the final version of the manuscript.
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Abstract

The long-term survival of biomaterial implants is often hampered by surgery-induced
inflammation that can lead to graft failure. Considering that most corneas receiving grafts
are either pathological or inflamed before implantation, the risk of rejection is heightened.
Here, we show that bioengineered, fully-synthetic, and robust corneal implants can be man-
ufactured from a collagen analog (collagen-like peptide-polyethylene glycol hybrid, CLP-
PEG) and inflammation suppressing polymeric 2-methacryloyloxyethyl phosphorylcholine
(MPC) when stabilized with the triazine-based crosslinker 4-(4,6-Dimethoxy-1,3,5-triazin-2-
yl)-4-methylmorpholinium chloride. The resulting CLP-PEG-MPC implants led to reduced
corneal swelling, haze, and neovascularization in comparison to CLP-PEG only implants
when grafted into a mini-pig cornea alkali burn model of inflammation over 12 months.
Implants incorporating MPC allowed for faster nerve regeneration and recovery of corneal
sensation. CLP-PEG-MPC implants appear to be at a more advanced stage of regenera-
tion than the CLP-PEG only implants, as evidenced by the presence of higher amounts of
cornea-specific type V collagen, and a corresponding decrease in the presence of extracellular
vesicles and exosomes in the corneal stroma, in keeping with the amounts present in healthy,

unoperated corneas.
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Introduction

Biomaterial implants, like organ transplants, suffer inflammation that can result in im-
mune rejection and graft failure.! This is a consideration when developing corneal implants

for treating patients not amenable to conventional human donor transplantation.

Globally, approximately 23 million people have unilateral corneal blindness and 4.6 mil-
lion are bilaterally blind.?2 For the past century, the only widely accepted treatment for
corneal blindness has been human donor corneal transplantation. First-time, low-risk grafts
are over 90% successful for the first two years post-operation.> However, this declines to
55% by 15 years due to chronic inflammation.* A severe worldwide human donor cornea
shortage leaves 12.7 million patients awaiting transplantation, with only one in 70 patients
being treated.’ Patients with inflammation and severe pathologies have risks of up to 70% for
rejecting donor allografts.® So, they often remain untreated, with valuable tissues allocated

to patients with better chances of success.

Artificial corneas or keratoprostheses (KPros) were developed to treat high-risk patients,
but most have failed due to adverse biomaterial-induced host reactions. The most success-
ful design currently in clinical application, the Boston KPro, has a poly(methyl methacry-
late) (PMMA) optic cylinder that allows light transmission into the eye for vision. However,
human corneal tissue is needed as a carrier for implantation. The graft-host tissue interface

7

has been implicated in the formation of retroprosthetic membrane,” corneal tissue melt (ker-

atolysis) and tractional retinal detachment. Further, the issues of PMMA-induced inflamma-
tion remain® and potentially contribute to periprosthetic keratolysis and KPro extrusion.’
In a mouse model, it was shown that inflammatory cytokines, TNF-« and IL-1, elicited by
Boston KPro implantation can result in optic nerve damage.'® Hence, KPros are only used

for end-stage eyes.

Diverse anti-inflammatory approaches have been developed to improve biocompatibil-
ity and integration of biomaterial implants. Many of these involve surface modification of
the biomaterials.!' Introduction of topographical features on surfaces were reported to re-

2

duce adherence of macrophages,'? and alter the profile of cytokines produced in vivo in

rats. Other strategies involve converting hydrophobic surfaces that promote inflammatory
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reactions (e.g., increased leukocyte adhesion, macrophage fusion, and pro-inflammatory cy-

13,14) 11,13

tokine release to more tolerogenic hydrophilic ones by modifying surface chemistries.
Hydrophilic terminal groups (NH,, OH, COOH) were shown to temper macrophage conver-
sion into foreign body giant cells that characterize adverse reactions, and decrease expres-
sion of proinflammatory cytokines.!! Inflammation-decreasing surface coatings include anti-
fouling molecules such as polyethylene glycol (PEG) that prevent non-specific cell adhesion,

and anti-inflammatory molecules like glycosaminoglycans, steroids (e.g., dexamethasone),

a-melanocyte-stimulating hormone, and interleukin-1 receptor antagonists.!!

Corneal transplantation, particularly in high-risk cases, can trigger allogenic sensitiza-
tion against foreign cells, releasing inflammatory chemokines/cytokines that mediate the
recruitment and activation of immune cells including antigen-presenting dendritic cells to
the graft.!>1® Host dendritic cells are exposed to shed donor antigen as they migrate into the
graft. As the dendritic cells process the alloantigens, they drain via the lymphatic system
to local lymph nodes where they activate naive T-cells that are involved in rejection.!> The
inflammatory cycle triggered by dendritic cell activation also results in lymphangiogenesis
and angiogenesis, which in turn enhances the sensitization to alloantigens.'” Implants that

do not activate dendritic cells at the outset would therefore be optimal.

To address corneal donor shortage and circumvent immune problems, Fagerholm et al.
developed corneal implants made from carbodiimide-crosslinked recombinant human collagen
type I (RHCIII) and grafted 500 gm thick implants into 10 patients.'®! Being cell-free, the
implants were immune compatible, did not activate dendritic cells, and supported the stable
regeneration of corneal epithelium, stroma and nerves.'®?° Polymeric 2-methacryloyloxyethyl
phosphorylcholine (MPC) was incorporated into implants to modulate the inflammation in
corneas of patients at high-risk of graft rejection and therefore not prioritized for donor
corneal transplantation.?! Partial-thickness RHCIII-MPC grafted into high-risk corneas after
removing active ulcers or scars promoted stable corneal epithelium and stromal regeneration
over the averaged 24-month observational period.21 It was subsequently shown that MPC-
containing RHCIII hydrogels do not activate dendritic cells, but instead induce dendritic cell

apoptosis.?’

58



While RHCIII-based implants performed well in clinical trials, RHCIII is a large macro-
molecule with manufacturing challenges. Replicating full-length native collagen, RHCIII
contains numerous 4-hydroxyproline amino acids for stable triple helix formation. There-
fore, to produce RHCIII, it is not only necessary to produce the collagen but also prolyl
4-hydroxylase, the enzyme that catalyses 4-hydroxyproline formation from proline.?? In ad-
dition, recombinant pepsin is needed to cleave the telopeptides from the full-length protein
prior to use.? This means expression of three different complex proteins is required to pro-
duce RHCIII. Short, self-assembling collagen-like peptides (CLPs) have been developed by
several groups as alternatives to native collagen.?* As short peptides, they can be produced
synthetically, are easy to purify and also easy to manipulate and customize for different
applications.?*?> A 36 amino-acid CLP was developed by the Hartgerink group as a collagen
analog,?® and performed well as a hemostat.?” When conjugated to a multi-arm polyethylene
glycol (PEG) through a short peptide and thiol-maleimide, the resulting CLP-PEG hydro-
gel could be fabricated into corneal implants that promoted regeneration in the corneas of
mini-pigs.?®? However, the N-(3- dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride

(EDC) used for stabilizing the hydrogels was possibly pro-inflammatory.2%-3°

As mentioned above there are currently no or limited treatment options for patients
awaiting corneal transplantation that are at high-risk of graft rejection. Our goal was thus
to bioengineer fully-synthetic, robust and easy to manufacture corneal implants, as alterna-
tives to human donor corneas or prostheses. In addition to a simple manufacturing process,
the implants must promote tolerogenic properties or limit inflammation while stimulating
stable regeneration of corneal tissues and nerves, to be amenable for use in high-risk pa-
tients. Hence, we improved on CLP-PEG implants by stabilizing with 4-(4,6-Dimethoxy-
1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) a triazine based crosslinker,
as opposed to using the pro-inflammatory EDC stabilizer. Indeed, DMTMM has a much
lower toxicity compared to EDC and its commonly used co-reactant, N-hydroxy-succinimide
(NHS).3! We further modified the CLP-PEG implants by including inflammation-suppressing
MPC. The novel CLP-PEG-MPC implants were characterized and compared to those with-
out MPC in witro and after grafting into the corneas of mini-pigs. Inflammation and severe

pathological conditions were simulated by a standard alkali burn cornea model.
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Results
Hydrogel Manufacture and Characterization

Infrared spectroscopy (Fig. 1a) and 3P NMR spectroscopy (Fig. 1b) confirmed the
incorporation of MPC into DMTMM-crosslinked CLP-PEG hydrogels that were fabricated
into cornea-shaped implants, 10 mm in diameter and 500 pm thick. In particular, the CLP-
PEG-MPC hydrogels showed a peak at approximately 0 ppm on 3P NMR, which was indica-
tive of the ring opening generated by the addition of trimethylamine to the 2-hydroxyethyl
methacrylate (HEMA) and ethylene chlorophosphate intermediary during MPC synthesis
(Fig. 1b).3? Both hydrogels were highly transparent in visible light (%T400 nm — 700 nm >
80%) (Fig 1 ¢). However, CLP-PEG-MPC (Fig. 1c), but not CLP-PEG, hydrogels blocked
up to 60% transmission of UV-A (300-400 nm wavelength).

Table 1 summarizes the implant properties and how they compare with RHCIII implants
that were tested clinically, and to human corneas. Neither hydrogels nor the RHCIII com-
parator were as tough as the human cornea, although they were optically slightly superior.
As the hydrogels contained over 90% water, their refractive indices approximated that of
water (1.33). CLP-PEG hydrogels were stiffer (Young’s modulus of 0.150 + 0.015 MPa)
and less elastic (elongation at break 49.96 + 8.10 %) than those incorporating MPC. CLP-
PEG-MPC implants displayed a lower Young’s modulus (0.044 4+ 0.010 MPa) and higher
elongation at break (59.50 4+ 7.70 %). Furthermore, rheology showed that the CLP-PEG
hydrogels had a higher storage modulus (G’) (22.36 + 1.489 kPa) than the CLP-PEG-MPC
(15.15 + 1.086 kPa) indicating an increased amount of structure present in the CLP-PEG
only implants. However, considering the loss modulus of both gels was lower than the stor-
age modulus, both hydrogels were considered ductile. Apparent and cumulative permeability
measurements of the implants (Fig. 1d,e) showed no significant difference in the apparent or
cumulative permeability amongst CLP-PEG-MPC, CLP-PEG, or the human amniotic mem-
brane (hAM) control, which is the current gold standard for ocular surface reconstruction.
Both CLP-PEG-MPC and CLP-PEG implants were highly resistant to bacterial collagenase
degradation in vitro (Fig. 1f).

In vitro biocompatibility and immune compatibility
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Initial growth (1-6 days) of immortalized human corneal epithelial cells (HCECs) ex-
pressing green fluorescent protein (GFP) on CLP-PEG-MPC was slower than on CLP-PEG
and tissue culture plastic controls (Fig. 2a-c), but at seven days in culture, cells on both hy-
drogels were confluent (Fig 2d,e). Live-dead staining showed very few dead cells, confirming
that the hydrogels were non-cytotoxic (Fig. 2g,h). These observations were confirmed by an

Alamar Blue proliferation study carried out with non-GFP tagged HCECs (Fig. 2j).

Bone-marrow-derived dendritic cell (BMDC) activation assays were conducted for the
individual hydrogel components (Fig. 2k) and the completed hydrogels (Fig. 21). The
crosslinker EDC-NHS was compared to equimolar concentrations of DMTMM. However,
EDC-NHS was cytotoxic and resulted in such low absolute cell counts of CD11c™ cells, that
it was excluded from subsequent analysis. Of the structural hydrogel components, only
conjugated CLP-PEG activated CD40 (Fig. 2k). Both hydrogels upregulated CD40 to levels
above that of the untreated controls, but significantly lower than the lipopolysaccharide

positive control level (F= 40.03, p<0.0001) (Fig. 21).
In vivo clinical evaluation of implants

In compliance with the Swedish Animal Welfare Ordinance and the Animal Welfare Act,
the mini-pig study was approved by the animal ethics committee in Stockholm (N209/15).
One cornea each of eight Gottingen mini-pigs was subjected to an alkali burn, while the
contralateral untreated corneas served as controls. Alkali burns caused swelling of the ocular
surface and lids, tearing for two weeks, squinting for up to one month, and corneal opacity
(Fig. 3a,b, 4a). At 15 weeks post-burn, inflammation had resolved but the corneal haze
remained (Fig. 3c,d, 4a, Supplementary Table 2). There were no changes to the pigs’ body
weights and overall health status due to the burns or implantation of CLP-PEG-MPC and
CLP-PEG hydrogels.

All cell-free implants epithelialized by the seven-week post-operative examination when
the sutures used to stabilize the implants were removed. Between seven weeks and three-
months post-operation, corneal haze increased (Fig. 3e-h, Fig. 4a, Supplementary Table 2) as
stromal cells began migrating into the implants as visualized by in vivo confocal microscopy

(IVCM). The Cochet-Bonnet aesthesiometer measures the pressure needed to produce a blink
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response by progressive shortening of a retractable nylon monofilament. Aesthesiometry
showed decreased touch sensitivity that was most prominent at the seven-week and three-
month follow-ups, correlating to the corneal nerves being damaged during the surgery (Fig.

4b, Supplementary Table 3).

From three to six months post-operation, corneal haze decreased (Fig. 3g-j, 4a, Supple-
mentary Table 2) while touch sensitivity increased as the newly remodelled areas became
re-innervated (Fig. 4b, Supplementary Table 3). At nine and twelve months post-operation,
corneal haze was reduced to a light haze with a clinical score of 1 (Fig. 3k,l, 4a, Supplemen-
tary Table 2) while aesthesiometry showed touch sensitivity equivalent to that in unoperated
corneas (Fig. 4b, Supplementary Table 3). IVCM confirmed the presence of a fully regen-
erated corneal epithelium (Fig. 3m,n), and regenerating sub-basal nerve plexus (Fig. 3p, q)
and stroma (Fig. 3s,t) comparable to the controls (Figs. 3o,r,u). The endothelium which

was untouched during the surgery, remained intact (Fig. 3v,w) like the control (Fig. 3x).

The CLP-PEG-MPC implanted corneas maintained a thickness of 745 + 83 pym (mean
+ SEM) at three months post-op to 773 + 60 um at 12 months post-operation, comparable
to that of unoperated contralateral corneas which were 789 + 18 at three months and 801
+ 16 at 12 months (Fig. 4c, Supplementary Table 4). CLP-PEG only implanted corneas,
however, showed a significant thickness increase of approximately 200 pym that was most
pronounced at three months post-operation, persisting and remaining significant compared

to the unoperated control (p = 0.0365) at 12 months post-operation.

Schirmer’s tear test showed that the alkali burn decreased tear production (Fig. 4d,
Supplementary Table 5). However, tear production recovered and remained within normal
values thereafter. Intraocular pressure was unaffected by the burn or hydrogel implantation,
remaining within normal ranges of 8 to 20 mmHg over the entire study (Fig. 4e, Supple-

mentary Table 6).

Implants were also grafted into the corneal stroma of a cat after ethical permission from
the Maisonneuve-Rosemont Hospital Committee for Animal Protection and in accordance
to the Association for Research in Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision (Supplementary Note 1). The implants were grafted
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using limbal incisions at a depth of 350 pum (centre of the stroma). Unlike the mini-pigs,
the cat cornea was healthy and the implants served as inlays of 4 mm in diameter and 200
pm thickness. In the absence of alkali burns, both CLP-PEG-MPC and CLP-PEG implants
remained optically transparent over the 14-month follow-up period (Supplementary Figs.
1,2). Optical coherence tomography (OCT) showed the presence of clear implants at 14
months post-operation (Supplementary Fig. 3). The edges of the implants showed haziness
on both OCT and slit-lamp imaging, which could be edge artefacts or cells that have migrated

to the implants.
Histopathology of implanted mini-pig corneas

Histopathology on the mini-pig eyes was performed by a certified, 3rd party veterinary
pathologist (vivo Science GmbH, Gronau, Germany). The alkali burned corneal samples
excised during implantation showed morphologically detectable corneal tissue damage char-
acterized by focal epithelial erosion, multi-focal epithelial hyperplasia, and stromal hyper-
cellularity together with dissociation and irregularity of the collagen fibres. The pathology

observed was in accordance with established descriptions of post-burn healing.

At 12-months post-grafting, both regenerated CLP-PEG and CLP-PEG-MPC implanted
corneas resembled healthy unoperated corneas (Fig. 5a-c, Fig. 6a). Although hyperplasia
was more noticeable in CLP-PEG regenerated corneas than CLP-PEG-MPC, there were
no significant difference (p=0.981, Supplementary Table 7). There was no difference in
neovascularization either (p=1.000). Descemet’s membrane, which delineates the stroma
from the underlying endothelium was intact, showing that neither the burns nor implants

extended through to the endothelial compartment.
Immunohistochemistry on regenerated mini-pig neo-corneas

Immunohistochemistry showed the regeneration of a tear film (Fig. 5d-f), terminally
differentiated corneal epithelium (Fig. 5g-i), and cornea-specific collagen V in the stroma
(Fig. 5j-1). Immunohistochemical staining for a-smooth muscle actin and CD31 as markers
of blood vessels, lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1) as markers of

lymphatic vessels and CD172a as a marker of myeloid cells showed a trend towards higher
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expression in CLP-PEG implanted corneas (Fig. 6b, Supplementary Fig. 4, Supplementary
Table 8). Expression of cathelicidin peptide, LL37, a host defence peptide showed no marked
differences (Supplementary Fig. 5).

Biochemical analyses on regenerated mini-pig neo-corneas

Proteins extracted from regenerated neo-corneas contained significant levels of type I and
type V collagens, the main corneal collagens (Fig 6¢). These results suggest that host cells
had synthesized a collagenous matrix enriched in the same collagen types as are found in
the normal cornea. Overall, there were differences in the amounts of individual « chains,
[-dimers and ~ trimers of collagen between CLP-PEG-MPC and CLP-PEG only implants.
CLP-PEG-MPC has equivalent amounts of covalently crosslinked high molecular weight col-
lagen to unoperated corneas, but showed decreased amounts of individual « chains, S-dimers
and v trimers compared to the CLP-PEG and unoperated groups. CLP-PEG implants had
significantly less cornea-specific type V (a1(V)) collagen than CLP-PEG-MPC or untreated
corneas (Fig. 6¢, Supplementary Table 9).

Electron microscopy on regenerated mini-pig neo-corneas

Serial block-face scanning electron microscopy (SBF-SEM) (Fig. 7a-f) and transmission
electron microscopy (Fig. 7g-i) showed that both neo-corneas resembled naive corneas,
except that the basal aspect of their basal epithelial cells showed numerous invaginations.
SBF-SEM also revealed a more regular lamellar keratocyte arrangement in CLP-PEG-MPC
neo-corneas (Fig. 7a,d) resembling that of the healthy, unoperated controls (Fig. T7c,f).
However, the CLP-PEG neo-corneas had more unevenly spaced stromal keratocytes with

fewer cell layers (Fig. 7b,e), suggesting a still-evolving morphology.
Extracellular Vesicles and Exosomes

Intense staining for TsglO1-positive extracellular vesicles (EVs) was seen in CLP-PEG
neo-corneas (Fig. 8b) compared to unoperated controls (Fig. 8c). Colocalization of Tsgl01
and the exosomal surface marker CD9, showed that many of the EVs were exosomes (Fig.
8¢). The CLP-PEG-MPC implants showed a slightly higher amount of both EVs (Fig. 8a)
and exosomes (Fig. 8d) compared to the unoperated control corneas (Fig. 8c, f). TEM of
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the corneal basement membrane showed the presence of exosomes in both grafted materials

(Fig. 8g, h, j, k) but observably more copious amounts in the CLP-PEG neo-corneas.
Discussion

Our aim was to develop a full-synthetic peptide-based corneal implant with inflammation
suppressing properties. We showed that CLP-PEG-MPC implants, like previously described
CLP-PEG ones, were readily and reliably mouldable.?® Both implants had refractive indices
of 1.34, in keeping with their high water content. However, while both implants were highly
transparent in visible light, CLP-PEG-MPC but not CLP-PEG implants filtered up to 60%
of potentially damaging UV-A, which is essential for lens and retina protection (from cataract
and macular degeneration). CLP-PEG hydrogels were stiffer and less elastic than those con-
taining MPC. Interestingly, a similar trend was previously observed upon incorporation of
MPC within RHCIII implants.?® Although the CLP-PEG-MPC implants had lower over-
all tensile strength, their elasticity made them sufficiently robust for surgical handling and
implantation with overlying sutures. Neither hydrogel was as tough as the human cornea,
but they had properties close to those of RHCIII corneal implants successfully tested in a
clinical trial for over four years.'®1® Here, as in Fagerholm et al.,'” the original implant was
remodelled during corneal regeneration. Furthermore, Jangamreddy et al.?® showed that
the weaker, cell-free CLP-PEG hydrogels implanted into rabbit corneas transformed into
regenerated neo-corneas with mechanical properties approximating those of healthy, unoper-
ated corneas, the desired end-points. Here, the objective was to synthesize a decreased-cost,

peptide-based implant with the immunosuppressive qualities of MPC.

Both hydrogels supported HCEC proliferation @n witro, with the slower initial
growth on the MPC-containing gels attributed to the non-adherent “slippery" nature of
phosphorylcholine-derived hydrogel surfaces.3*3% When evaluating the effect of crosslinking
agents on the activation of dendritic cells, EDC-NHS was cytotoxic and killed the cells at
levels where DMTMM yielded live cells with minimal activation compared to positive LPS
controls. These observations correlate with Samarawickrama et al. (2018)3!, who showed
that 0.5% (w/v) EDC-NHS was more toxic than 1% (w/v) DMTMM. The components
and prepared CLP-PEG and CLP-PEG-MPC hydrogels had significantly lower capacity to
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activate dendritic cells compared to LPS. Hence, the hydrogels would be well-tolerated as

implants.

The alkali burn cornea model is a well-established ophthalmology model of severe pathol-
ogy in rodents and rabbits, resulting in marked inflammation and often neovascularization.
In a study by Rehany and Waissman, 20 rabbits with alkali burns required intramuscular
injections of 25 mg/kg cyclosporin A daily for 30 days post-operation to allow allograft
tolerance.®® Rabbits that did not receive an intensive steroid regimen uniformly rejected
the allografts following severe vascularization. Here, we adapted the alkali burn model to
Gottingen mini-pig corneas. A certified veterinary pathologist confirmed the resulting burn

pathology of stromal disruption and hypercellularity in the excised scarred corneal tissue.??

Both CLP-PEG-MPC and CLP-PEG implants showed healing and regeneration over the
12-month post-operation period, in the absence of steroids or immunosuppressive drugs. The
presence of terminally differentiated epithelial cells, regenerated tear film and host-defence
peptide, LL37, showed that both hydrogels promoted functional epithelial regeneration.
However, CLP-PEG-MPC implants had significantly reduced corneal epithelial hyperplasia
and stromal thickening, supporting the contention that MPC suppresses corneal inflamma-
tion. While not apparent in H&E histopathology sections, immunohistochemistry revealed
that CLP-PEG-MPC implanted corneas also showed a trend towards reduced blood and
lymphatic vessels and fewer myeloid cells in the graft site. The phosphorylcholine network
appeared to decrease corneal haze and improve the rate of nerve regeneration to restore the
corneal blink response. Unfortunately, although CLP-PEG-MPC showed a trend towards
improved performance, the small number of pigs in each experimental group used due to
cost constraints of performing a certified GLP study in a large animal model, did not allow

sufficient power to discriminate and show statistical significance.

CLP-PEG-MPC corneas expressed lower amounts of monomeric («), dimeric (5), and
trimeric () collagen than CLP-PEG implanted ones, although they expressed similar
amounts of crosslinked collagen fibrils (HMW) to unoperated controls. More interestingly,
the CLP-PEG-MPC implanted corneas had higher amounts of type V collagen, which is a
collagen that is present in the corneas in enhanced amounts and shown to be involved in the

maintenance of corneal transparency.?” CLP-PEG-MPC implants also had a lower amount of
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EVs and exosomes than CLP-PEG implanted corneas. CLP-PEG has previously been shown
to stimulate regenerating corneal cells to produce large amounts of cornea-specific type V
collagen associated exosomes.?? Taken together, these results strongly suggest that regen-
erated CLP-PEG-MPC neo-corneas were at a more advanced stage of corneal regeneration
than the CLP-PEG ones, with more type V collagen in its extracellular matrix, possibly due

to the modulation of inflammation in the former.

The CLP-PEG biomaterial in the alkali burned corneas resulted in low-grade haze
throughout the 12-month follow-up period with blood vessels in three of four pigs. Incor-
poration of MPC decreased the haze in the regenerated neo-tissues but they did not reach
full optical clarity. There were also residual traces of neovascularisation. However, when
CLP-PEG-MPC and CLP-PEG hydrogels were implanted within the stroma of a healthy;,
non-burned cat cornea, both implants remained optically transparent over 14 months. Both
hydrogels performed equivalently as low-risk implants, with the presence of MPC only no-

ticeable under high-risk grafting conditions.

The CLP-PEG-MPC implants were therefore able to restore the alkali burned corneal
environment to one that resembled an uninflamed state, allowing regeneration of corneal
epithelium, stroma and nerves. The presence of MPC circumvented the increased thickness
seen in the non-MPC-containing implants. These results coupled with previous observations
of MPC incorporated into full-length recombinant human collagen as hydrogels implants
decreased neovascularization in rabbits®® and allowed stable regeneration in a clinical trial
of six high-risk patients with active ulcers and scarring?!, show that MPC is an effective
inflammation suppressing polymer that also imparts elasticity to the overall hydrogel. These
results confirm the decreased neovascularization observed in rabbits®® and the stable re-
generation of six high-risk patients with active ulcers and scarring in a clinical trial using
full-length RHCIII-MPC implants.?! Combined, these studies show that MPC is an effec-
tive inflammation suppressing polymer that also imparts elasticity to the overall hydrogel.
The novelty of the present study is that CLP-PEG-MPC implants combine inflammation
suppression with a fully synthetic collagen analog comprising CLP and PEG. The short,

synthetically produced CLPs are readily manufactured without the need for co-expression of
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several full-length proteins needed to produce recombinant human collagen and avoids pos-
sible xenogeneic-origin allergy3® or zoonotic transmission of pathogens such as viruses that
may result from animal-derived materials.** Furthermore, the use of synthetic analogs allows
for future modification and customization of implants for personalized medicine, which is dif-
ficult with more chemically inert full-length collagens. The results indicate that evaluation

of CLP-PEG-MPC implants in a clinical trial is merited.

Outlook

With a formidable 12.7 million patients on waiting lists worldwide for corneal transplan-
tation and a severe shortage of human donor corneas, CLP-PEG-MPC implants may in the
near future be an alternative treatment and further address the unmet need of patients with
inflammation and severe conditions who are not amenable to standard donor corneal tissue

transplantation.
Methods

Fabrication

Collagen-like peptide (CG(PKG),(POG)4(DOG),) (AmbioPharm, SC, USA) was con-
jugated to an 8-arm poly(ethylene glycol) with a hexaglycerol core (Sinopeg Biotech Co.
Ltd., Beijing, China).?® In brief, CLP was conjugated to PEG at pH 4.5, sterile filtered
and dialyzed using a 12-14 kDa membrane to remove unreacted CLP. The product was
lyophilized and re-dissolved at 12% (w/w). CLP-PEG hydrogels were produced using 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) at molar ratio of
1:2 CLP-PEG:DMTMM. CLP-PEG-PC implants were manufactured using an additional
phosphorylcholine network based on the interpenetrating network from our previous re-
combinant human collagen type III-phosphorylcholine implants.?? The phosphorylcholine
network is composed of 2-methacryloyloxyethyl phosphorylcholine (MPC) (Paramount Fine
Chemicals, Beijing, China) and polyethylene glycol diacrylate (PEGDA) (Sigma-Aldrich,
St. Louis, MO) The ratio of CLP-PEG:MPC was 2:1 (w/w) and MPC:PEGDA was 3:1
(w/w). Ammonium persulfate and N,N N’ N’-tetramethylethylenediamine (Sigma-Aldrich,
St. Louis, MO) were both used as polymerization initiators at a ratio of MPC:APS of 1:0.03
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and APS:TEMED of 1:0.77 (Supplementary Table 1). Corneal implants were cast as 10
mm dimeter, 500 pum thick curved hydrogel molds (custom manufactured by Formteknik,
Anderstorp, Sweden). Dogbone shaped hydrogels of the same thickness were used for physi-
cal, mechanical and in vitro testing. The CLP-PEG-MPC and CLP-PEG hydrogel implants
used in the n vivo mini-pig study and supplemental cat study were custom manufactured

by UAB Ferentis (Vilnius, Lithuania) and stored in PBS containing 1% chloroform.
NMR Spectroscopy

Incorporation of MPC into the CLP-PEG-MPC hydrogels was assessed with 3C and
31P Cross Polarization Magic-Angle Spinning (CPMAS) nuclear magnetic resonance (NMR)
spectroscopy on a Bruker AVANCE 400 MHz spectrometer at room temperature. CLP-
PEG only hydrogels served as negative controls. **C NMR produced convoluted spectra in
the region between 55 and 70 ppm that made it difficult to interpret, but 3P NMR gave
definitive peaks. Peak analysis was performed using Mnova (Mestrelab Research, Santiago

de Compostela, Spain).
Young’s Modulus and Mechanical Strength

Dogbone-shaped hydrogels (500 pm thick) were evaluated using an Instron electrome-
chanical universal tester (Model 3342, Instron, Norwood, MA) equipped with Series 1X/S
software. The hydrogels were washed in 1X PBS for 1 hour before testing and blotted to
remove excess water. The elongation tests were performed using a crosshead speed of 10 mm

min!.

Rheology

Circular hydrogels, 8 mm in diameter and 500 pm thick, were tested using a Discovery
Hybrid-2 rheometer (TA Instruments, New Castle, DE, USA) fitted with an 8 mm circular
geometry. After blotting to remove excess water, the hydrogels were compressed to an
approximate pressure of 1 N of axial force. An amplitude sweep was run from 0.1 to 500%
using an angular frequency of 10 rad/s. Analysis was conducted using Trios v5.1.1.46572

(TA Instruments, New Castle, DE, USA).
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Light Transmission of Hydrogels

Flat hydrogel sheets of 500 um thickness and 5 mm x 10 mm dimensions were evaluated
for light transmission between 250 nm and 800 nm. Each hydrogel was placed on the inside
wall of a quartz cuvette filled with PBS. The absorption was read using a Spectramax M2e
series plate/cuvette spectrophotometer (Molecular Devices, San Jose, CA, USA). A cuvette
filled with PBS was used as the baseline reference. The percent transmission was calculated

from the measured absorbances.
Refractive Index

The refractive index of the hydrogels was measured at RT on an Abbemat 300 (Anton

Parr) refractometer.
Water content of hydrogels

A baseline measurement of a blotted hydrogel was obtained as the starting “wet weight"
(Wy) of the hydrogel. The hydrogels were then dried until a stable “dry weight" (W) was
obtained. The percent water content of the hydrogels (W) was calculated according to the

equation: Wy % = (W - Wy) / W %.
Collagenase Degradation

Samples were equilibrated in Tris-HCI buffer (0.1 M, pH 7.4) overnight. Hydrogels were
then incubated in 5 mL 5 U/mL type I bacterial collagenase dissolved in Tris-HCI at 37°C.
The undigested mass was weighed at time 0 (W’) and every 8 hours (W) for 2 days (48
hours). At every interval, surface water was blotted away, and samples were weighed using
an ultra-microbalance (SE2, Sartorius, Gottingen, Germany). At every weighing occasion,
the collagenase solution was replaced with a fresh collagenase mixture. The percentage of

mass remaining after digestion was calculated according following equation: Residual mass

(%) = (W'e/W’) x 100%.

Permeability
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Permeability studies were conducted for two concentrations of CLP-PEG hydrogels (12%
and 8%) and one concentration of CLP-PEG-MPC hydrogel (9%).4' Hydrogels or human
amniotic membrane (hAM) were clamped in an Ussing Chamber system (Physiologic in-
struments, San Diego, CA) with P2300 EasyMount Diffusion Chambers and P2307 sliders.
A 700 Da Alexa Fluor® 568 hydrazide sodium salt (10 M) was placed in aqueous solu-
tion in the donor chamber and PBS was placed in the recipient chamber. Samples were
drawn at multiple time points and fluorescence was quantified using a at 590 nm excitation
wavelength and a 642 nm emission wavelength by a Wallac Viktor2 1420 Multilabel counter
(PerkinElmer, Waltham, MA, USA). The apparent permeability coefficient (Papp, cm s7)
was calculated using the equation P,p,, = (dC/dt)/(60CoA) [dC/dt is the slope, Cy the ini-
tial concentration of the donor chamber and A the exposed surface area of the sample in the
slider (0.031 cm?)]. Cumulative permeability was calculated as the percentage of diffused

fluorescent marker from the donor chamber to the receiving chamber during the experiment.
Human Corneal Epithelial Cell Culture

A stable GFP-HCEC cell line was established by the transfection of SV40 immortalized
HCEC cells (Gift of H Handa, Division of Ophthalmology, Kinki Central Hospital, Hyogo,
Japan) with a vector containing a puromycin-resistant gene together with GFP, using the
Lipofectamine 2000 Transfection Reagent (Life Technologies, California, USA).4343 Selection
of puromycin-resistant cells with 2 pg ml™! of puromycin added to the medium was performed
to obtain stable GFP-expressing lines. The initial immortalized HCEC line was character-
ized using the expression of keratin and large T antigen.??> GFP-HCECs were subsequently
characterized by morphology, and expression of Integrin 51 and focal adhesion kinase cell

proliferation rate.*® These cells were not checked for mycoplasma contamination.

To conduct proliferation studies, CLP-PEG and CLP-PEG-MPC hydrogels were punched
using a bmm biopsy punch and placed in a 96 well plate. GFP-HCECs were seeded into the
control wells and onto the materials at a density of 5,000 cells/well. GFP-HCECs were sup-
plemented with keratinocyte serum-free medium (KSFM; Gibco, ThermoFisher, Waltham,
MA, USA) containing 0.05 mg/mL bovine pituitary extract, 5 ng/mL epidermal growth

factor, and 1 mg/mL penicillin/streptomycin and their growth monitored for 7 days in a
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humidified incubator at 37°C and 5% CO,. Growth was assessed by photographing the

cultured cells and examining the % coverage of the culture dishes.

For the Alamar Blue and live dead studies, the hydrogels were cut into 6-mm-diameter
and overnight immersed in the cell culture media. 5,000 HCECs were seeded on top of
each hydrogel for culturing with keratinocyte serum free medium (KSFM) supplemented
with 50 pg/ml bovine pituitary extract and 5 ng/ml epidermal growth factor (EGF) (Gibco,
California, USA) in a 37°C and 5% CO; incubator. Media was changed every alternative
day. Cells seeded on tissue culture plate (TCP) were used as control. The Alamar Blue
study was performed at day 1, day 4 and day 6 after cell seeding.** At each time point,
resazurin sodium salt were added to the cell culture wells to obtain the final concentration
of 0.004% (w/ v) and incubated for 3 hours. Afterwards, the media was transferred to a new
96 well plate and read on a BioTek plate reader (Synergy 2, BioTek Instruments; Winooski,
VT) at 530/25 nm for excitation and 590/35 nm for emission. At day 6, live/dead staining
was performed with a staining kit (Life Technologies Corporation, Oregon, USA), where
cells were double-stained by calcein acetoxymethyl (Calcein AM) and ethidium homodimer-
1 (EthD-1). Images were taken by using a fluorescence microscope (Zeiss Axio Observer Z1,

Carl Zeiss Microimaging GmbH, Jena, Germany).
Bone Marrow-Derived Dendritic Cell (BMDC) Activation Assay

Bone marrow was isolated from the femur and tibia of 6 to 12-week-old, male C57BL/6J
mice (Mus musculus). Cells (1x10°/well) were seeded onto 6-well suspension culture plates
in RPMI 1640 containing 10% (v/v) fetal bovine serum (Wisent, Saint-Jean-Baptiste, QC),
0.5 mg/mL penicillin-streptomycin-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 55
pum [-mercaptoethanol and 2.5 ng/mL granulocyte-macrophage colony-stimulating factor
(GM-CSF) (Gibco, Waltham, MA). Complete RPMI, containing 5.0 ng/mL GM-CSF, was
exchanged for half of the media on days two and three of culture. Cultures were maintained
for six days, then collected and subject to density gradient centrifugation using Histodenz
(Sigma-Aldrich, St. Louis, MO) to separate the enlarged BMDCs. The selected cells were

seeded at a density of 1x10° cells/well on a 24 well plate for materials testing.
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Hydrogel components (EDC/NHS, DMTMM, CLP, CLP-PEG, and MPC) were applied
to the BMDCs at an equivalent total mass to a 10 mm, 500 pum thick hydrogel disk, to
simulate the total amount present in a complete corneal implant. Hydrogels disks (6 mm di-
ameter, 500 pm thick) were incubated with BMDCs for 24 hours. Lipopolysaccharide (LPS)
was used as a positive control. BMDCs were collected and labelled with direct-conjugate
antibodies for CD11c, CD40, CD80 and CD86 (Supplementary Table 10) and Zombie Aqua”
Fixable Viability Kit (BioLegend, San Diego, CA). Flow cytometry was performed using
a BD LSR II and analyzed using FlowJo software (Becton, Dickinson & Company). The
cells were gated for size and granularity using a FSC/SSC gate (Supplementary Fig. 6a),
followed by a gate to remove dead cells, based on low Zombie-Aqua (Fig. S6b). The live
cells were gated for CD11c high, autofluorescence low (Supplementary Fig. 6¢) and this is
the gate that was subject to subsequent analysis. Mature dendritic cells composed 50-99%

of the live gate, as there was significant cell death in BMDCs exposed to the toxic crosslinker

EDC-NHS.
In Vivo Study in Gottingen Mini-Pigs

A study to evaluate the safety and biocompatibility of CLP-PEG-MPC and CLP-PEG
implants in mini-pigs was performed in compliance with the Swedish Animal Welfare Ordi-
nance and the Animal Welfare Act, with ethical permission from the local ethical committee
in Stockholm (N209/15), and in accordance with OECD Principles of Good Laboratory
Practices (GLP), ENV/MC/CHEM (98) 17, 1997, by Adlego Biomedical AB (Stockholm,
Sweden). All animals were examined prior to alkali burn, and after alkali burn prior to
surgical implantation of CLP-PEG or CLP-PEG-MPC hydrogels. The pig samples size is
based on the standard amount for safety and toxicology testing (n=4 per group). The pigs
were randomly allocated to the two biomaterials groups by the veterinary team at Adlego
AB (Solna, Sweden). The corneal surgeons were blinded as to which of the CLP-PEG or
CLP-PEG-MPC implants were implanted in each pig cornea. No data was excluded from
this study and this study has not been replicated. The full GLP study report by Adlego AB

is available on Figshare.*>

Eight female Gottingen mini-pigs (Sus scrofa domesticus) were placed under general

anesthesia and pre-treated with tetracaine 1% eye drops (Chauvin Pharmaceuticals Ltd,
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UK). Alkali burns were created in the right corneas of each pig. A 5 mm, circular piece of
filter paper soaked in 1M NaOH was placed on the right cornea of each animal for 60 seconds,
followed by a thorough rinse in 0.9% saline, by flooding the treated cornea to remove excess
NaOH. Buprenorphine (0.05 mg/kg, Vetergesic, Orion Parma, Finland) was administered
at the end of the procedure and when signs of pain and discomfort were observed during
recovery. The injured eyes received chloramphenicol eye drops (5 mg/mL, Santen), twice
daily for eight days post-procedure. The alkali burns were evaluated by slit lamp under
sedation, six weeks after the procedure. A full clinical exam was performed at 13 weeks,

immediately prior to surgery.

Each alkali burned cornea underwent an anterior lamellar keratoplasty (ALK) procedure
to replace the anterior 2/3s of each scarred cornea. Under general anesthesia, each alkali
burned cornea (average thickness 750 pum) was trephined to a depth of 500 pum using a 6.5
mm diameter Barron Hessberg trephine. A corneal diamond knife was used to complete the
lamellar dissection. A 500 um thick CLP-PEG-MPC or CLP-PEG only implant, purchased
from UAB Ferentis (Vilnius, LT) was trephined to a diameter of 6.75 mm, placed in the
wound bed and sutured in place using 10-0 nylon (MANI Ophthalmic). Six interrupted
sutures were used to retain the implants where possible; otherwise overlying mattress sutures
were used. Each operated eye received a single dose of 3 mg/mlL dexamethasone and 1

mg/mL tobramycin eye drops (Tobrasone, Alcon, Sweden) at the end of surgery.

After surgery, the animals were examined daily for 10 days and then weekly. The op-
erated eye received one drop of Tobrasone three times daily for five weeks. Suture removal
was performed under general anesthesia at postoperative 7 weeks. Full eye examinations
under general anesthesia were performed at 7 weeks as well as 3, 6, 9 and 12 months post-
operation. Restrained, fully conscious pigs were assessed for central corneal touch sensitivity
in using a Cochet-Bonnet aesthesiometer (Handaya Co, Tokyo, Japan). After topical anes-
thesia and confirmation of the extinction of the corneal blink response, the eyes were also
tested for tear production using Schirmer’s tear test (TearFlo, Hub Pharmaceuticals USA),
under sedation and prior to general anaesthesia. For the remaining examinations, animals
were examined under general anaesthesia. Examinations include measurements of intraoc-

ular pressure (TonoVet Tonometer, Icare Finland Oy, Finland), and pachymetry (Handy
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Pachymeter SP-100, Tomey, AZ, USA). A full slit lamp evaluation (Kowa SL-15 Portable
Slot Lamp, Kowa Company, Ltd., Aichi, Japan) was conducted in the presence of fluorescein
eye drops (Lidocaine-fluorescein 4% + 0.25%, Chauvin Pharmaceuticals Ltd.) using the
McDonald-Shadduck scoring system to quantify anterior segment findings. Each eye was
scored from 0 to +4 on conjunctiva congestion, swelling and discharge, aqueous flare, iris
involvement and percent corneal haze. Full thickness IVCM was performed at peripheral and
central portions of the implant and similar positions in the unoperated corneas (Heidelberg

HRT3 with Rostock Cornea Module with HEYEX software, Heidelberg, Germany).

The pigs were euthanized at 12 months post-operation with an overdose of pentobarbitol
(100 mg/mL, Allfatal Vet, Omnidea, Sweden) and corneas were dissected out with a 2 mm
rim of surrounding conjunctiva. The center 2 mm of each cornea was excised with a biopsy
punch and snap frozen in isopentane chilled with dry ice for collagen content analysis. The

remaining cornea was then quartered for further processing.
Histopathology of Mini-Pig Corneas

One quarter of the cornea was fixed in 4% paraformaldehyde in phosphate buffer for
Haematoxylin and Eosin (H&E) staining and histopathological analysis under GLP by a
certified veterinary pathologist at in wvivo Science GmbH (Gronau, Germany). Standard
H&E stained research sections were imaged using a Zeiss AxioObserver Z1 inverted light
microscope using the tiling function in Zen Blue v2.3 at 20x magnification (Carl Zeiss Mi-

croscopy, Gottingen, Germany).
Collagen Analysis of Mini-Pig Central Cornea

Frozen biopsied corneal samples from within the surgical areas of both implanted and
control corneas were thawed and re-suspended in 10 mM HCT at a wet weight to volume ratio
of 1:35. Pepsin (Roche, catalog# 200911, lot#93100120) was added to a final concentration
of 1 mg/ml from a 10 mg/ml stock solution prepared just before use. The samples were
digested with pepsin at 2 - 8°C for 96 hours and the soluble fraction was recovered by
centrifugation in a microfuge at 16,000 x g for 30 minutes at 2 - 4°C. An aliquot of the
pepsin soluble fraction was mixed with NuPAGE 4x LDS sample buffer (Life Technologies)
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denatured at 75 °C for 8 minutes and analyzed on 3 - 8 % Tris-acetate gels under non-reducing
conditions. Proteins were visualized by staining with Gelcode Blue (Pierce). Prestained
broad range marker (New England Biolabs, catalog# P7712) and porcine skin type I collagen
(Koken Co. Ltd., Japan) were used as molecular weight standards. To quantitate the
amounts of type I and type V collagens in control and operated corneas, densitometric scans
of the stained gels were made to obtain relative numerical units using a GE Healthcare Image
Quant 350. ANOVA was performed to determine statistical differences using GraphPad
Prism 5 on a DELL Latitude E6420 computer using Windows 7 OS.

Immunohistochemistry of Mini-Pig Corneas

One quarter of each cornea was fixed in 4% paraformaldehyde in phosphate buffer contain-
ing 5% sucrose. The corneas were processed through a sucrose gradient prior to embedding
in OCT. Immunohistochemical staining was conducted using antibodies against cytoker-
atin, CD172a, smooth muscle actin, LYVE-1, CD31, collagen V (Supplementary Table 11).
Corneal sections (7 pm) were fixed in cold 4% PFA followed by ice-cold methanol, air-dried,
washed in PBS and then blocked with 5% normal goat serum (NGS) in PBS. All primary an-
tibodies were incubated overnight at 4°C. Slides were washed in PBS with 1% Tween 20 and
then incubated with secondary antibodies diluted 1:1000 in blocking solution. After washing
the slides were dehydrated and mounted in Vectashield Antifade Mounting Medium with
DAPI (Vector Laboratories, Burlingame, CA, USA). Slides stained using lectin were washed
in PBS, stained with lectin overnight at 4°C, washed and counterstained with DAPI, before
mounting in Vectashield Antifade Mounting Medium. Fluorescent images were obtained
with a confocal laser-scanning microscope (LSM800, Carl Zeiss Microscopy, Gottingen, Ger-
many). Immunohistochemical staining of exosomes was conducted using dual staining with
CD9 and TSG101, per the ISEV positive staining requirement for one transmembrane pro-
tein and one cytosolic protein associated with exosomes.?® Corneal sections were air dried,
washed in PBS, and permeabilized in PBS with 0.3% Triton-X. The sections were washed and
incubated in Tris-buffered saline (TBS) containing 50 mM ammonium chloride. The samples
were blocked in PBS with 5% NGS and 0.01 g/mL saponin at room temperature prior to
incubation in primary antibodies overnight. Slides were washed in PBS containing 5% FBS

and 0.01 g/mL saponin and incubated in secondary antibodies diluted in blocking at room
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temperature. The samples were quenched for autofluorescence using Vector® TrueVIEW™
Autofluorescence Quenching Kit (Vector Laboratories, Burlingame, CA, USA). Slides were
stained with DAPI (5 pug/mL) for 10 minutes prior to mounting in Vectashield Antifade
Mounting Medium (Vector Laboratories, Burlingame, CA, USA). Fluorescent images were
obtained with a confocal laser-scanning microscope (LSM880, Carl Zeiss Microscopy, Got-
tingen, Germany). Images were denoised using Zen Blue v2.3. Three-dimensional recon-
structions of the slices were generated in Imaris v9.2.1 (Bitplane Inc., Concord, MA, USA).
Surfaces were reconstructed for Tsg101 using a manual threshold value of 5. A co-localization
channel was constructed for CD9 and Tsgl01 and surfaces were reconstructed using a man-
ual threshold value of 1.5. All surfaces used a minimum voxel threshold of 10 and surface
grain threshold of 0.141 pum. Immunohistochemistry for LL37 was performed as described
above for exosomes. Three-dimensional reconstructions of the slices were generated in Imaris
v9.2.1 (Bitplane Inc., Concord, MA, USA). Ten 700 um?® regions of interest (ROIs), five in
the epithelium and five in the stroma, were generated for each slice. LL37 staining in each
ROI was reconstructed as spots with an intensity threshold of 7.57 and a minimum voxel
threshold of 10. The number of spots and sum intensity of each ROI was analyzed by the
total volume of the ROIs. A one-way Kruskal Wallis test was performed using a Dunn’s
multiple comparisons test (GraphPad Prism v9.0.2, GraphPad Software, LLC., San Diego,
CA, USA).

Electron Microscopy of Mini-Pig Corneas

The mini pig corneal/construct samples were fixed using 2.5% glutaraldehyde/2%
paraformaldehyde in 100 mM cacodylate buffer pH 7.2 at room temperature (RT) for
12 hours after dissection and placed in 100 mM cacodylate storage buffer pH 7.2. The
samples were processed for TEM and SBF-SEM using a method for the generation of high
backscatter electron contrast for serial block face scanning (SBF SEM).5! After the fixation,
the sample quadrants were cut into thin <1 mm slices to preserve the positioning of the
implant in relation to host cornea. Each sample slice was transferred to 1.5% potassium
ferricyanide/1% osmium tetroxide in cacodylate buffer for 1 hr and then washed in distilled

water. The samples were then placed sequentially in 1% aqueous thiocarbohydrazide, 1%
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osmium tetroxide and 1% aqueous uranyl acetate, each for 1 hour. All the staining steps

were followed by 30 mins distilled water washing steps.

The samples were then incubated for 1 hr in a solution of lead aspartate at 60°C and then
washed in two changes of distilled water for 30 mins. They were dehydrated in an ethanol
series from 70% through to 100% and, following via propylene oxide infiltration, they were
embedded in CY212 (TAAB) epoxy resin and polymerised for 24 hr at 60°C. The surfaces
of polymerized resin blocks were then trimmed and attached to Gatan (PEP6590) specimen
pins. The pins were gold coated and transferred to a Zeiss Sigma VP FEG SEM equipped
with a Gatan 3View2 system, where data sets of up to 1000 images were acquired of the
block surface every 100 nm through automated sectioning. Each image was acquired at 4K
x 4K pixels, at a pixel resolution of between 6.5-21 nm and a pixel dwell time of 8 us, using
an SEM accelerating voltage of 3.5 keV in low vacuum variable pressure mode (28-30 Pa).
Imaging data was acquired from a 26.5 pym x 26.5 um region of interest. Selected serial
image sequences were extracted from the image data and 3D reconstructions were generated
using Amira 6.1 software (FEI). For TEM ultrathin 90nm sections were taken from the
SBF-SEM TEM prepared specimen pins using a Leica UC6 ultramicrotome. TEM sections
were collected on TEM 300hex grids and examined on a JEOL 1010 TEM at an accelerating
voltage of 80Kv.

Statistics and Reproducibility

The Alamar Blue proliferation assay of HCEC on the hydrogels was analyzed using a
two-way ANOVA (n=5 technical replicates (TR) per group). BMDC activation assays was
performed using a one-way ANOVA with a Brown-Forsythe test and Tukey’s multiple com-
parisons test with a confidence interval of 95% for each marker (GraphPad Prism 8.4.2,
GraphPad Software, LLC., San Diego, CA, USA). The unit of analysis was the mouse (n=6,
per group). The unit of analysis for the clinical statistics was the eye. The clinical sta-
tistics were conducted on uneven population sizes (CLP-PEG n=4; CLP-PEG-MPC n=4;
unoperated n=8). For variables with repeated measures over time, a mixed-effects anal-
ysis with Geisser-Greenhouse’s correction was performed (a=0.05) with a Tukey multiple
comparison test for treatment effects by time point (GraphPad Prism 8.4.2). Post-mortem

collagen content analysis was performed using the two-way ANOVA with Tukey’s multiple
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comparisons test. (a=0.05) (IMB® SPSS® Statistics Version 25, IMB Corp., Armonk, NY,
USA). Ordinal data for histopathological assessments of corneal epithelial hyperplasia and
neovascularization were analyzed by Mann-Whitney U. Statistical significance was set at

p<0.05.

All graphs for were prepared using GraphPad Prism. Data is displayed as mean with

individual data points or mean + standard error of the mean.
Data Availability

The quantitative datasets and full GLP mini-pig report generated during the current
study are available in the Figshare repository, https://doi.org/10.6084 /m9.figshare.14251088.v1.
The image datasets generated during the current study are available from the corresponding

author on reasonable request.
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Figure Legends

Figure 1. Chemical and optical analyses of CLP-PEG-MPC and CLP-PEG hydrogels.
(a) Fourier transformed infra-red spectroscopy shows the incorporation of the CLP-PEG
monomer (lavender line) into the CLP-PEG hydrogel (black line) the CLP-PEG monomer
and MPC monomer (purple line) into the CLP-PEG-MPC hydrogel (pink line). (b) *'P
NMR spectroscopy with peaks that show the incorporation of phosphorylcholine (purple
line) into CLP-PEG-MPC hydrogels (pink line) (n=1, per group). (c) Both CLP-PEG
(black line) and CLP-PEG-MPC (pink line) hydrogels transmit the full spectrum of visible
light, but CLP-PEG-MPC blocks short UV wavelengths (n=1, per group). (d-e) Appar-
ent and cumulative permeability of 700 Da Alexa Fluor® 568 hydrazide sodium salt through
CLP-PEG-MPC hydrogels (pink squares, n=4 technical replicates (TR)) in comparison to 12
and 8% CLP-PEG (black circles, n=4; light blue triangles, n=3 TR, respectively) hydrogels
and hAM (grey inverted triangles, n=3 TR). (f) Both CLP-PEG-MPC (pink squares) and
CLP-PEG hydrogels (black circles) remained stable and minimally degraded when exposed

to collagenase enzyme (n=3 TR per group).

Figure 2. In vitro analyses of CLP-PEG-MPC and CLP-PEG hydrogels. (a-f) GFP-tagged
human corneal epithelial cells proliferated on both CLP-PEG-MPC and CLP-PEG hydrogels
over seven days (n—=4 per group). White scale bars, 1 mm. (g-i) Live/dead pictures of human
corneal epithelial cells proliferated on both CLP-PEG-MPC and CLP-PEG hydrogels over
six days (green represents live cells and red represents dead cells) (n=5 per group). Red
scale bars, 200 um. (j) Alamar Blue proliferation study of human corneal epithelial cells
proliferated on CLP-PEG-MPC hydrogels (pink squares), CLP-PEG hydrogels (black cir-
cles) and tissue culture plate controls (aqua triangles) at different time points (n=5 TR per
group). Analysis by one-way ANOVA with Tukey’s multiple comparisons test within each
time point. (k) Culture of BMDCs on monomeric hydrogel components and crosslinkers
showed no activation as determined by the significantly lower expression of co-stimulatory
receptors CD40-APC (blue squares), CD80-PE (orange triangles) and CD86-FITC (yellow
inverted triangles) compared to lipopolysaccharide (LPS) stimulation, a positive control for
dendritic cell activation. Analysis by one-way ANOVA with Dunnett’s multiple comparisons

test (n=6 biological replicates (BR) per group). *LPS vs component, p<0.0001, TCLP-PEG

86



vs component, p<0.05. (1) CLP-PEG-MPC and CLP-PEG hydrogels do not upregulate
CD40-APC (blue squares), CD80-PE (orange triangles) or CD86-FITC (yellow inverted tri-
angles). One-way ANOVA with Tukey’s multiple comparisons test. *LPS vs hydrogel,
p<0.0001.

Figure 3. CLP-PEG-MPC implants in alkali burned mini-pig corneas compared to CLP-
PEG only implants. (a-1) Surgical progression of CLP-PEG-MPC hydrogels compared to
CLP-PEG hydrogels implanted in mini-pig corneas following alkali burns. Corneal haze was
seen immediately after the alkali burn to the central cornea (a-b) and is still present just
before surgery (c-d). After surgery, haze is present up to 6 months (e-j) and is decreased
by 12 months post-operation (k-1). (m-u) In vivo confocal microscopy of the regenerated
CLP-PEG-MPC and CLP-PEG neo-corneas at 12 months post-operation in comparison to
unoperated corneas, showing regeneration of corneal epithelium, subepithelial nerves (arrow-
heads) and stroma. The unoperated endothelium (v-x) remains intact. White scale bars,

100 pm.

Figure 4. Clinical follow-up of regenerating neo-corneas after CLP-PEG and CLP-PEG-
MPC implantation into post-alkali burned mini-pig corneas. (a) Corneal haze increased in
response to alkali burn and surgery in CLP-PEG (black circles) and CLP-PEG-MPC (pink
squares) but diminished over the 12-month follow-up period. (b) Corneal blink response
measured by Cochet-Bonnet aesthesiometry showing immediate decrease post-surgery in
CLP-PEG-MPC (pink squares) and CLP-PEG (black circles) with recovery to pre-operative
levels by twelve months. Unoperated eyes (aqua triangles) do not show changes in the
blink response. (¢) CLP-PEG-MPC (pink squares) grafts resulted in a corneal thickness
comparable to the unoperated eye (aqua triangles), but CLP-PEG (black circles) resulted
in significant increases in corneal thickness. (d) Schirmer’s tear tests showing a decrease in
tear production immediately post-burn due to trauma, followed by a normal tear production
in CLP-PEG-MPC (pink squares) and CLP-PEG (black circles) compared to unoperated
controls (aqua triangles). (e) Intraocular pressure was maintained within normal parameters
CLP-PEG-MPC (pink squares), CLP-PEG (black circles) and unoperated (aqua triangles)
corneas throughout all stages of follow-up. Data displayed as mean £ SEM. Statistical

analyses by two-way repeat measures ANOVA with Geisser’s Greenhouse correction and a
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Tukey’s or Sidak multiple comparison test. *Unoperated vs CLP-PEG, p<0.05. TUnoperated
vs. CLP-PEG-MPC, p<0.05. 1 CLP-PEG vs. CLP-PEG-MPC, p<0.05. For all charts the
unit of analysis is the eye: CLP-PEG n=4, CLP-PEG-MPC n=4, unoperated n=8.

Figure 5. Regenerated mini-pig neo-corneas at 12-month after post-CLP-PEG-MPC im-
plantation compared to CLP-PEG and controls. (a-c) Hematoxylin and eosin staining of the
implanted corneas shows morphological similarity of the regenerated epithelium (rE) and
stroma (rS) to the epithelium (E) and stroma (S) of an unoperated, healthy control cornea.
The unoperated endothelium (arrowheads) remained intact in all samples. (d-f) Positive
Ulex Europaeus Agglutinin lectin staining shows the presence of a tear film in both regen-
erated corneas and the control. (g-i) Terminally differentiated corneal cells were cytokeratin
3/T6-positive in both regenerated neo-corneas. (j-1) Collagen V staining of the neo-cornea
stromas shows the regeneration of corneal specific ECM components. Black scale bars, 500

pm; white scale bars, 200 pm.

Fig. 6. Histopathological, immunohistochemical and biochemical characteristics of regener-
ated neo-corneas at 12 months post-implantation with CLP-PEG-MPC implants compared
to CLP-PEG implants. (a) Corneal epithelial hyperplasia was noticeably higher in the CLP-
PEG only implants (black circles) compared to CLP-PEG-MPC implants (pink squares),
while neovascularization was not markedly different. However, neither was statistically sig-
nificant by the Mann-Whitney U test. (b) Mean cell counts normalized to the contralateral
control eye for myofibroblast a-smooth muscle actin, blood vessel marker CD31, lymphatic
vessel marker LYVE1, and the myeloid cell marker CD172a show no significant differences
between CLP-PEG-MPC (pink squares) and CLP-PEG (black circles). Statistical analysis
by unpaired, two-way t-test were performed with statistical significance set at p<0.05. (c)
Collagen content analysis of the central cornea in CLP-PEG-MPC (pink squares), CLP-PEG
(black circles) and unoperated (aqua triangles) corneas. Statistical analysis of collagen by
two-way ANOVA with Tukey’s multiple comparisons test. Data is displayed using the mean.
*Unoperated vs CLP-PEG, p<0.05. "Unoperated vs. CLP-PEG-MPC, p<0.05. {CLP-PEG
vs. CLP-PEG-MPC, p<0.05. For all charts the unit of analysis is the eye: CLP-PEG n=4,
CLP-PEG-MPC n=4, unoperated n=8.
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Figure 7. Electron micrographs of regenerated neo-corneas after CLP-PEG and CLP-PEG-
MPC implantation. Serial block face scanning electron microscope overview scans show
comparable epithelial and stromal compartments (a-c). 3D reconstructions (d-f) of the neo-
corneas after digital removal of the extracellular matrix show that keratocytes within the
stroma are arranged in interconnected lamellae. The lamellae in the CLP-PEG only im-
planted corneas are less organized than in the other two groups. (g-i) Transmission electron
microscopy of the corneas indicates that both operated groups (g, h) have invaginated basal

epithelia. E, epithelium; S, stroma; r, regenerated.

Figure 8. Extracellular vesicles and exosome secretion by regenerating CLP-PEG-MPC and
CLP-PEG implanted corneas. (a-c) Greater amounts of Tsgl01+ EVs (red staining) were
present in the grafted regions, with the highest level of secretion in the CLP-PEG implants
compared to CLP-PEG-MPC implants and unoperated controls. DAPI (blue staining) was
used to identify the cell nuclei. (d-f) CLP-PEG implants also had the highest amount of
Tsgl01+, CD9+ exosomes represented by yellow staining. White scale bars, 200 pm. (g-i)
High resolution TEM of the basement membrane confirms the increased release of exosomes
from the epithelium into the stroma. Black scale bars, 2 um. (j-1) High magnification of
the inset yellow-boxed areas showing the presence of exosomes (white arrowheads) in the

stroma. Yellow scale bars, 500 nm.
Supplementary Figure Legends

Supplementary Figure 1. Monthly (M1 to M12) slit-lamp follow-up of the implants in the
feline model over a 12-month observation period. At 1-month post-operation, the implants
remained transparent as shown in the gross morphology (al,bl) and corresponding slit lamp
images (a2, b2). Maximum haze and neovascularization was seen between M3-6, correspond-
ing to in-growth of stromal cells (c-g). After 6 months, both haze and neovascularization
regressed so that both implants are transparent at 9 months (i, j) and 12 months (k, 1)
post-operation. The vessel seen in the slit lamp image (g2 — arrowed) was no longer present

at 9 or 12 months.

Supplementary Figure 2. Corneal transparency at 14 months post-operation, allowing vi-

sualization of the fine details of the iris through the implants (a, b). Surface mapping of
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corneal front surface curvature showed stable flattening induced by the implants (c¢) while

preserving central pachymetry (d).

Supplementary Figure 3. Optical coherence tomography (OCT) of the CLP-PEG-MPC
(Top) and CLP-PEG (Bottom) implants one year after implantation in feline model showing

retention of shape and transparency.

Supplementary Figure 4. Vascular and inflammatory markers in the regenerated mini-pig
neo-corneas at 12-month after CLP-PEG-MPC implantation compared to CLP-PEG and
controls. One out of four CLP-PEG-MPC pigs showed positive staining for a-SMA (a),
CD31 (f) and LYVE 1 (k). Three of four CLP-PEG pigs showed positive vascular staining
for a-SMA (b-d), CD31 (g-i) and LYVE 1 (l-n). Unoperated corneas express no vascular
markers. (e,j,0). Both the regenerated corneas (p-s) and unoperated cornea (t) contain

CD172a positive mononuclear cells.

Supplementary Figure 5. Quantification of LL37 in CLP-PEG and CLP-PEG-MPC grafts.
(a-c) 3D reconstructions of confocal images of LL37 counterstained with DAPI. (d-e) Quan-
tification of the intensity sum of spots constructed using LL37 fluorescence by area. (f-g)

Quantification of the total number of spots by area.

Supplementary Figure 6. Sample flow cytometry gating strategy for bone marrow-derived
dendritic cells (BMDCs). The cells were gated for size and granularity using a FSC/SSC
gate (a). The cells were gated to remove dead cells, based on low Zombie-Aqua fluorescence
in live cells that were impermeable to the dye (b). The live cells were gated for CD11c high,

autofluorescence low (c) and this is the gate that was subject to subsequent analysis.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 8.
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Supplementary Figures
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Supplementary Figure 2.
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Supplementary Figure 3.

CLP-PEG-MPC

AL b P € % g _

- B

.ﬁ' i
Fa —

CLP-PEG

101



Supplementary Figure 4.
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Supplementary Figure 5.
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Tables

Table 1. Characterization of CLP-PEG-MPC hydrogels compared to CLP-PEG only hydro-

gels, biosynthetic implants currently in patients and the human cornea

Degradation at
48h

Biosynthetic
CLP-PEG-MPC CLP-PEG Human cornea
implants*
Tensile Strength
0.022 4+ 0.004 0.56 £+ 0.21 0.286 + 0.06'9 3.81 + 0.403
(MPa)
Elongation (%) 59.50 + 7.70 49.96 4+ 8.10 | 20.149 + 7.614% N/A
Young’s Modulus
0.044 + 0.010 0.150 £+ 0.015 | 1.749 4 0.782" 3-133435
(MPa)
Storage Modulus
15.15 £ 1.086 22.36 + 1.489 - -
(G) (kPa)
Loss Modulus
0.1522 4+ 0.0569 | 0.0433 + 0.006 - -
(G”) (kPa)
Transmission (%) 29-80(UV) 32-92(UV) 95.1 & 0.05% 87.1 4+ 2.0
80-97(Vis) 92-99(Vis) (at 500 nm)3¢
Refractive Index 1.340 #+ 0.005 1.338 & 0.004 | 1.3507 & 0.001137 | 1.423 - 1.43638
Water Content
90.94 £ 0.78 92.67 + 0.85 91.5 &+ 0.919 7839
(%)
Residual Mass
(%) from
Collagenase 100.17 + 3.54 96.19 + 1.89 <10%%7 -

*RHCIII implants that have been stably grafted into 10 patients and showed regeneration at 4

years post-operation as reported in Fagerholm et al., 2014 [19].
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Supplementary Tables

Supplementary Table 1. Two-Way ANOVA of Alamar blue proliferation study

ANOVA table SS DF MS F (DFn, DFd) P value

Time x Treatment | 1.37E+13 4 3.42E-+12 F (4, 24) = 14.28 P<0.0001

Time 8.22E+14 |2 411E+14 F (1163, 13.96) P<0.0001

1713

Treatment 2.02E+13 2 1.01E+13 F (2, 12) = 31.96 P<0.0001

Subject 3.8E+12 12 3.17E+11 F (12, 24) = 1.320 P=0.2706

Residual 5. 76E+12 24 24E+11

Source of Variation % of total variation | P value GGe

Time x Treatment 1.584 <0.0001

Time 94.97 <0.0001 0.5815

Treatment 2.339 <0.0001

Subject 0.4392 0.2706

Tukey’s multiple comparisons test | Mean Diff. 95.00% CI of diff. Adjusted P
Value

Day 1

CLP-PEG vs. CLP-PEG-MPC 355174 -7340 to 717688 0.0544

CLP-PEG vs. Control -42545 -311772 to 226681 0.8751

CLP-PEG-MPC vs. Control -397719 -737139 to -58299 0.0281

Day 4

CLP-PEG vs. CLP-PEG-MPC 482553 -108848 to 1073954 0.0991

CLP-PEG vs. Control -521052 -798324 to -243779 0.0018

CLP-PEG-MPC vs. Control -1003604 -1596622 to -410587 0.0062

Day 6

CLP-PEG vs. CLP-PEG-MPC 2002578 20439 to 3984717 0.0481

CLP-PEG vs. Control -1503370 -2490533 to -516208 0.0098

CLP-PEG-MPC vs. Control -3505949 -5529979 to -1481919 | 0.0071
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Supplementary Table 2. Two-Way ANOVA of Haze

ANOVA table SS DF MS F (DFn, DFd) P value
Time x Treatment | 4.152 7 0.5932 F (7, 42) = 3.075 P=0.0104
Time 53.65 7 7.665 F (082, 1849) = P<0.0001
39.73
Treatment 3.754 1 3.754 F (1, 6) = 5.049 P=0.0657
Subject 4.461 6 0.7435 F (6, 42) = 3.854 P=0.0038
Residual 8.102 42 0.1929
Geisser-
Source of Variation % of total variation | P value Greenhouse’s
€
Time x Treatment 0.0657 0.0657
Time 0.0038 0.0038 0.4403
Treatment 0.0657 0.0657
Subject 0.0038 0.0038
Sidak’s multiple comparisons test | Mean Diff. 95.00% CI of diff. Adjusted P
Value
CLP-PEG vs. CLP-PEG-MPC
Alkali Burn 0
6 Weeks Post-Burn 0.25 -1.136 to 1.636 0.9953
Pre-Surgery -0.25 -1.829 to 1.329 0.9979
7 Weeks 1.25 -0.3288 to 2.829 0.1315
3 Months 1.25 -1.356 to 3.856 0.5513
6 Months 0.5 -0.9479 to 1.948 0.8437
9 Months 0.25 -1.460 to 1.960 0.9811
12 Months 0.625 -1.013 to 2.263 0.4850
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Supplementary Table 3. Two-Way ANOVA of Aesthesiometry

ANOVA table SS DF MS F (DFn, DFd) P value

Time x Treatment | 18.8 12 1.567 F (12, 78) = 10.72 P<0.0001
F (1.622, 21.09) =

Time 31.79 6 5.298 P<0.0001
36.24

Treatment 11.86 2 5.929 F (2, 13) = 27.67 P<0.0001

Subject 2.786 13 0.2143 F (13, 78) = 1.466 P=0.1496

Residual 11.4 78 0.1462

Source of Variation % of total variation | P value GG e

Time x Treatment 28.61 <0.0001

Time 48.37 <0.0001 0.2703

Treatment 18.04 <0.0001

Subject 4.239 0.1496

Tukey’s multiple comparisons test | Mean Diff. 95.00% CI of diff. Adjusted P

Value

Alkali Burn

CLP-PEG vs. CLP-PEG-MPC 0.125 -0.3973 to 0.6473 0.6259

CLP-PEG vs. Unoperated 0.0625 -0.1216 to 0.2466 0.6000

CLP-PEG-MPC vs. Unoperated | -0.0625 -0.5331 to 0.4081 0.8980

7 Weeks

CLP-PEG vs. CLP-PEG-MPC -0.375 -3.324 to 2.574 0.9179

CLP-PEG vs. Unoperated -2.375 -5.495 to 0.7445 0.0983

CLP-PEG-MPC vs. Unoperated | -2 -4.413 to 0.4126 0.0802

3 Months

CLP-PEG vs. CLP-PEG-MPC -0.625 -1.597 to 0.3472 0.1980

CLP-PEG vs. Unoperated -1.688 -2.463 to -0.9118 0.0029

CLP-PEG-MPC vs. Unoperated | -1.063 -1.986 to -0.1389 0.0322

6 Months

CLP-PEG vs. CLP-PEG-MPC 0.125 -0.4643 to 0.7143 0.7969

CLP-PEG vs. Unoperated -0.75 -1.353 to -0.1468 0.0280

CLP-PEG-MPC vs. Unoperated | -0.875 -1.397 to -0.3527 0.0122

9 Months
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CLP-PEG vs. CLP-PEG-MPC 0 -0.5424 to 0.5424 >0.9999
CLP-PEG vs. Unoperated 0 -0.4661 to 0.4661 >0.9999
CLP-PEG-MPC vs. Unoperated |0 -0.4661 to 0.4661 >0.9999
12 Months

CLP-PEG vs. CLP-PEG-MPC -0.25 -0.8532 to 0.3532 0.3292
CLP-PEG vs. Unoperated -0.25 -0.8532 to 0.3532 0.3292
CLP-PEG-MPC vs. Unoperated |0
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Supplementary Table 4. Two-Way ANOVA of Pachymetry

ANOVA table SS DF MS F (DFn, DFd) P value

Time x Treatment | 0.7125 4 0.1781 F (4, 24) = 0.4597 P=0.7645

Time 27.59 4 6.897 F(L280, T682) = P—0.0023
17.80

Treatment 0.5062 1 0.5062 F (1, 6) = 0.8351 P=0.3961

Subject 3.638 6 0.6063 F (6, 24) = 1.565 P=0.2006

Residual 9.3 24 0.3875

Source of Variation % of total variation | P value GGe

Time x Treatment 9.078 <0.0001

Time 15.95 <0.0001 0.4514

Treatment 26.69 0.0351

Subject 39.57 <0.0001

Tukey’s multiple comparisons test | Mean Diff. 95.00% CI of diff. \A/jf:ll:ted g

Pre-Surgery

CLP-PEG vs. CLP-PEG-MPC 31 -173.7 to 235.7 0.8332
CLP-PEG vs. Unoperated 90.5 34.61 to 146.4 0.0033
CLP-PEG-MPC vs. Unoperated | 59.5 -140.5 to 259.5 0.5607
3 Months

CLP-PEG vs. CLP-PEG-MPC 217.3 -102.1 to 536.6 0.1504
CLP-PEG vs. Unoperated 172.9 27.21 to 318.5 0.0281
CLP-PEG-MPC vs. Unoperated | -44.38 -381.7 to 292.9 0.8668
6 Months

CLP-PEG vs. CLP-PEG-MPC 159 -98.86 to 416.9 0.1854
CLP-PEG vs. Unoperated 137.8 32.88 to 242.6 0.0194
CLP-PEG-MPC vs. Unoperated | -21.25 -293.0 to 250.5 0.9486
9 Months

CLP-PEG vs. CLP-PEG-MPC 160 -113.8 to 433.8 0.2060
CLP-PEG vs. Unoperated 123.5 20.17 to 226.8 0.0247
CLP-PEG-MPC vs. Unoperated | -36.5 -318.5 to 245.5 0.8762
12 Months
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CLP-PEG vs. CLP-PEG-MPC 135.3 -96.61 to 367.1 0.2120
CLP-PEG vs. Unoperated 106.1 8.618 to 203.6 0.0365
CLP-PEG-MPC vs. Unoperated | -29.13 -269.3 to 211.1 0.8905
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Supplementary Table 5. Two-Way ANOVA of Schirmer’s Tear Test

ANOVA table SS DF MS F (DFn, DFd) P value

Time x Treatment | 152.9 12 12.75 F (12, 78) = 0.4649 P=0.9292

Time 456.2 6 76.04 F (4508, 58.60) P—0.0300

2,774

Treatment 53.05 2 26.53 F (2, 13) = 0.5568 P=0.5861

Subject 619.4 13 47.64 F (13, 78) = 1.738 P=0.0693

Residual 2139 78 27.42

Source of Variation % of total variation | P value GGe

Time x Treatment 4.33 0.9292

Time 12.92 0.03 0.7513

Treatment 1.502 0.5861

Subject 17.54 0.0693

Tukey’s multiple comparisons test | Mean Diff. 95.00% CI of diff. Adjusted P
Value

Alkali Burn

CLP-PEG vs. CLP-PEG-MPC -5.250 -15.29 to 4.792 0.2503

CLP-PEG vs. Unoperated -1.125 -4.735 to 2.485 0.6720

CLP-PEG-MPC vs. Unoperated | 4.125 -5.777 to 14.03 0.3818

Pre-Surgery

CLP-PEG vs. CLP-PEG-MPC -3.250 -15.46 to 8.956 0.7058

CLP-PEG vs. Unoperated -0.750 -11.94 to 10.44 0.9788

CLP-PEG-MPC vs. Unoperated | 2.500 -7.821 to 12.82 0.7717

7 Weeks

CLP-PEG vs. CLP-PEG-MPC -2.000 -14.24 to 10.24 0.8406

CLP-PEG vs. Unoperated -2.750 -8.582 to 3.082 0.4208

CLP-PEG-MPC vs. Unoperated | -0.750 -12.79 to 11.29 0.9757

3 Months

CLP-PEG vs. CLP-PEG-MPC -2.750 -14.31 to 8.813 0.7508

CLP-PEG vs. Unoperated -1.375 -12.19 to 9.444 0.9185

CLP-PEG-MPC vs. Unoperated | 1.375 -7.469 to 10.22 0.8930

6 Months
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CLP-PEG vs. CLP-PEG-MPC -4.000 -14.66 to 6.657 0.5151
CLP-PEG vs. Unoperated -3.250 -12.08 to 5.583 0.5759
CLP-PEG-MPC vs. Unoperated | 0.750 -9.436 to 10.94 0.9750
9 Months

CLP-PEG vs. CLP-PEG-MPC 160.000 -14.58 to 14.08 0.9984
CLP-PEG vs. Unoperated 123.500 -13.20 to 10.20 0.9239
CLP-PEG-MPC vs. Unoperated | -36.500 -14.23 to 11.73 0.9535
12 Months

CLP-PEG vs. CLP-PEG-MPC 4.250 -10.95 to 19.45 0.6421
CLP-PEG vs. Unoperated 1.875 -13.22 to 16.97 0.9069
CLP-PEG-MPC vs. Unoperated | -2.375 -10.50 to 5.750 0.6879

113




Supplementary Table 6. Two-Way ANOVA of Intraocular Pressure

ANOVA table SS DF MS F (DFn, DFd) P value

Time x Treatment | 43.63 10 4.363 F (10, 65) = 0.4729 | P=0.9016
F (2.416, 31.40) =

Time 55.88 5 11.18 P=0.3169
1.211

Treatment 100.3 2 50.13 F (2, 13) = 3.589 P=0.0574

Subject 181.6 13 13.97 F (13, 65) = 1.514 P=0.1363

Residual 599.7 65 9.226

Source of Variation % of total variation | P value GGe

Time x Treatment 4.422 0.9016

Time 5.665 0.3169 0.4831

Treatment 10.16 0.0574

Subject 18.41 0.1363

Tukey’s multiple comparisons test | Mean Diff. 95.00% CI of diff. Adjusted

P Value

Alkali Burn

CLP-PEG vs. CLP-PEG-MPC 3.25 -10.16 to 16.66 0.6630

CLP-PEG vs. Unoperated 2.5 -10.32 to 15.32 0.7934

CLP-PEG-MPC vs. Unoperated | -0.75 -6.002 to 4.502 0.9196

Pre-Surgery

CLP-PEG vs. CLP-PEG-MPC 3 -0.3856 to 6.386 0.0702

CLP-PEG vs. Unoperated 4 0.7067 to 7.293 0.021

CLP-PEG-MPC vs. Unoperated |1 -1.237 to 3.237 0.4501

3 Months

CLP-PEG vs. CLP-PEG-MPC 1.75 -5.370 to 8.870 0.7398

CLP-PEG vs. Unoperated 2.25 -4.611 to 9.111 0.5073

CLP-PEG-MPC vs. Unoperated | 0.5 -5.295 to 6.295 0.9485

6 Months

CLP-PEG vs. CLP-PEG-MPC 2.5 -3.694 to 8.694 0.4585

CLP-PEG vs. Unoperated 0.75 -5.276 to 6.776 0.9096

CLP-PEG-MPC vs. Unoperated |-1.75 -5.904 to 2.404 0.454

9 Months
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CLP-PEG vs. CLP-PEG-MPC 0.25 -5.828 to 6.328 0.9912
CLP-PEG vs. Unoperated 0.375 -4.814 to 5.564 0.977
CLP-PEG-MPC vs. Unoperated | 0.125 -5.520 to 5.770 0.9977
12 Months

CLP-PEG vs. CLP-PEG-MPC 4.75 0.07843 to 9.422 0.0473
CLP-PEG vs. Unoperated 3.375 -1.096 to 7.846 0.1434
CLP-PEG-MPC vs. Unoperated | -1.375 -6.679 to 3.929 0.7595
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Supplementary Table 7. Mann-Whitney U tests of Histopathology Data

Mean rank of | Mean Mann-
Mean rank
P value CLP-PEG- rank Whitney | q value
of CLP-PEG
MPC diff. U
Epithelial
0.485714 5.125 3.875 1.25 5.5 0.981143
Hyperplasia
Vascularization >0.999999 | 5 4 1 6 >0.999999
Supplementary Table 8. Multiple unpaired t-tests of IHC Quantification
a-SMA CD31 LYVE1 CD172a
P value 0.131512 0.243655 0.18914 0.267544
Mean of CLP-PEG 5.5 5.25 3 10.63
Mean of CLP-PEG-MPC 0.75 1.5 0.5 2
Difference 4.75 3.75 2.5 8.625
SE of difference 2.445 2.704 1.555 6.548
t ratio 1.943 1.387 1.608 1.317
df 3.616 3.677 3.683 3.491
q value 0.270219 0.270219 0.270219 0.270219
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Supplementary Table 9. Collagen Content Two-Way ANOVA with Tukey’s multiple comparisons

test

ANOVA table ISISI)(Type DF MS F (DFn, DFd) P value

Interaction 2.550E+13 10 2.55E+12 | F (10, 78) = 10.07 P<0.0001

Collagen Type 1.20E+15 5 2.41E+14 | F (5, 78) = 950.0 P<0.0001

Treatment 1.79E+13 2 8.93E+12 | F (2, 78) = 35.28 P<0.0001

Residual 1.97E+13 78 2.53E+11

Source of Variation % of total variation P value

Interaction 1.753 <0.0001

Collagen Type 82.69 <0.0001

Treatment 1.228 <0.0001

Tukey’s multiple comparisons test | Predicted (LS) mean diff. | 95.00% CI of diff. Adjusted
P Value

HMW

CLP-PEG vs. CLP-PEG-MPC 1116880 266844 to 1966916 0.0067

CLP-PEG vs. Unoperated 966473 230320 to 1702625 0.0067

CLP-PEG-MPC vs. Unoperated | -150407 -886560 to 585746 0.8771

v

CLP-PEG vs. CLP-PEG-MPC 664016 -186020 to 1514052 | 0.1553

CLP-PEG vs. Unoperated -284861 -1021014 to 451291 | 0.6265

CLP-PEG-MPC vs. Unoperated | -948877 -1685030 to -212725 | 0.008

g

CLP-PEG vs. CLP-PEG-MPC 1718101 868065 to 2568136 <0.0001

CLP-PEG vs. Unoperated -1166399 -1902551 to -430246 | 0.0009

CLP-PEG-MPC vs. Unoperated | -2884499 -3620652 to -2148347 | <0.0001

al(V)

CLP-PEG vs. CLP-PEG-MPC 436061 -413975 to 1286097 | 0.4417

CLP-PEG vs. Unoperated 1092919 356767 to 1829072 0.0019

CLP-PEG-MPC vs. Unoperated | 656859 -79294 to 1393011 0.09

al(I)

CLP-PEG vs. CLP-PEG-MPC 2167571 1317535 to 3017607 | <0.0001

CLP-PEG vs. Unoperated 1169005 432853 to 1905158 0.0008
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CLP-PEG-MPC vs. Unoperated | -998566 -1734719 to -262413 | 0.0049
a2(I)

CLP-PEG vs. CLP-PEG-MPC 1077958 227922 to 1927994 0.0092
CLP-PEG vs. Unoperated 807574 71422 to 1543727 0.0281
CLP-PEG-MPC vs. Unoperated | -270384 -1006536 to 465769 | 0.656
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Supplementary Table 10. Antibodies used for flow cytometry

Dilution

Target Antibody Factor
Brilliant Violet 650" anti-mouse CD11c, (Clone: N418),(IsoType: Ar-

CDl1lc menian Hamster IgG), (Reactivity: Mouse), (Format: BV650), (APP: | 1:1600
FC), (Species: Hamster), Biolegend, 117339

IA-IE PerCP/Cy5.5 anti-mouse I-A/I-E,(Clone: Mb5/114.15.2),(IsoType:

(MHC Rat IgG2b, k),(Reactivity: Mouse),(Format: PerCP/Cy5.5),(APP: | 1:3200

Class IT) | FC),(Species: Rat), Biolegend, 107626

CD40 CD40, APC, clone: 1C10, eBioscience ", 501129392 1:400
PE anti-mouse CD80,(Clone: 16-10A1),(IsoType: Armenian Hamster

CDS80 IgG),(Reactivity: Mouse, Cross-Reactivity: Dog (Canine)),(Format: | 1:100
PE),(APP: FC),(Species: Hamster), Biolegend, 104708
FITC anti-mouse CD86,(Clone: GL-1),(IsoType: Rat IgG2a,

CD86 k),(Reactivity: Mouse),(Format: FITC),(APP: FC),(Species: Rat), | 1:50
Biolegend, 105006
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Supplementary Table 11. Antibodies used for immunohistochemistry

Target Antibody (or Lectin) 1:500
Lectin from Ulex europaeus (gorse, furze) FITC conjugate, Sigma-
Mucin 1:50
Aldrich, L9006
Cytokeratin
Anti-Keratin K3/K76 Antibody, clone AE5, Millipore, CBL218 1:500
K3/K76
a-SMA Anti-alpha smooth muscle Actin antibody [1A4]|, AbCam, ab7817 | 1:100
LYVE1 Anti-LYVE] antibody, AbCam, ab33682 1:100
CD172a Mouse Anti Pig CD172a, Nordic BioSite, ST-MCA2312GA 1:100
Collagen V| Anti-Collagen V antibody, AbCam, ab134800 1:500
CD31 Anti-CD31 antibody, AbCam, ab28364 1:50
LL37 Anti-LL37/Cathelicidin antibody, LSBio, LS-B6696 1:100
Alexa Fluor® 488 AffiniPure Goat Anti-Mouse IgG (H+L), Jac-
Mouse IgG 1:1000
skon Immuno Labs, 115-545-146
Alexa Fluor® 488 AffiniPure Goat Anti-Rabbit IgG (H+L), Jack-
Rabbit IgG 1:1000
son ImmunoResearch Laboratories, 111-545-144
CD9 Mouse anti-Bovine, Canine, Equine, Feline, Human, Mink,
CD9 Mustelid, Non-human primate, Porcine, Rabbit, Clone: MM2/57, | 1:100
Invitrogen , MA180307
Recombinant Anti-TSG101 antibody [EPR7130(B)|, AbCam,
Tsgl01 1:100
ab125011
IgG (H+L) Highly Cross-Adsorbed Goat anti-Rabbit, Alexa
Rabbit IgG 1:1000
Fluor® 594, Invitrogen, A11037
IgG (H+L) Highly Cross-Adsorbed Goat anti-Mouse, Alexa
Mouse IgG 1:1000

Fluor® Plus 647, Invitrogenw, PIA32728
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Abstract

We report the development and use of a light-mediated in situ grafting technology for the surface
modification of biosynthetic corneal implants with peptide-capped nanoparticles (15-65 nm). The
resulting materials have antimicrobial properties in bacterial suspension and also reduced the extent
of biofilm formation. Our in situ grafting technology offers a rapid route for the introduction of

antimicrobial properties to premoulded corneal implants, and potentially other soft implant targets.



Introduction

Bacterial infection of the cornea is a serious problem as it is the most frequent cause of infectious
keratitis, often resulting in ulceration of the corneal surface and even blindness if the resulting
damage is permanent.! % While the most common cause of bacterial keratitis is contact lens wear,”
other causes include physical trauma (introduction of foreign bodies due to mechanical injury or
ocular surgery), burns (chemical, thermal), changes in the corneal surface (from dry eye, eyelid
misdirection, and exposure), altered ocular defense mechanisms (from topical and systemic immune
suppression), loose sutures with adjacent infections (blepharitis and viral keratitis), and corneal

edema.®?

Although antibiotic eyedrops are the current mainstay treatment, they have intrinsic limita-
tions which relate to the ease at which they can be washed from the surface by tears!®1? and the
emergence of antibiotic resistance. As such, there has been a push to develop new treatments and
antimicrobial agents that circumvent these limitations. A well-documented, but rarely employed
agent displaying antibacterial activity is silver. While ionic silver (Ag™) in the form of silver nitrate,
silver sulfadiazine, and other ionic silver compounds have been historically used as topical antibac-
terial agent, more recently silver nanoparticles (AgNP) have been explored as the next iteration of
the active component of these formulations by various groups including our team.'®'® Furthermore,
through careful consideration of the size, shape, and capping agent of the employed AgNP it has
been observed that one can also limit the cytotoxicity usually observed upon use of ionic Ag agents.!©
Recently, the incorporation of antimicrobial structures, such as nanoparticles, in wearable devices,
including contact lenses, has been explored as an option for imparting anti-infective properties.!” 19
While interesting, many of these materials and devices rely on impregnation or multistep chemical
modifications of the implant to tether the antimicrobial component.?%?! As such, potential clinical
use of the devices can become limited due to modifications that change key physical properties of

the implants or render the manufacturing process too difficult or costly.

Herein, we have developed a unique approach that allows for temporal and spatial control
of the in situ incorporation of anti-infective AgNP onto corneal implants. The flexibility of our
technology allows for surface grafting of premade implants in only minutes without the need for
complex procedures or manufacturing protocols. Through evaluation of the safety and efficacy of
our proposed surface modifications, we aim to highlight the promise our method holds over the more

conventional approaches to the incorporation of anti-infective properties.
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Results and discussion

A schematic depiction of the strategy employed for in situ grafting of peptide (CLKRS)-capped
AgNP is presented in Fig. 1A. In our protocol, we have kept constant the ionic silver and pre-
cursor concentration within a range we have demonstrated high silver reduction with minimal side
effects.!®2?? Our photo-grafting technique allows grafting of nanosilver onto biosynthetic premade
corneal implants with only 5 min of irradiation. When comparing the plasmonic absorption for the
grafted AgNP after 5 min of irradiation to that measured in colloidal solutions, see Fig. 1B left and
middle; one can see a shift in the plasmonic absorption from 430 to z500 nm. Increasing the concen-
tration of the peptide, however, does not change the kinetic profile for the surface plasmon band,
see Fig. Sl.{Further, upon in situ grafting the characteristic yellow colour of nanosilver is macro-
scopically observable in the implants as shown in Fig. 1B right. No opacity was observed in the
surface modified corneal implants, which suggests that silver was fully stabilized in its nanometric

form.

Preparation of the particles in the absence of the implants resulted in colloidal solutions in which
increasing concentrations of CLKRS peptide resulted in AgNP with narrow size distributions and
smaller diameters see Fig. 1C. This is reminiscent to recent findings reported by our group for the
formation of colloidal CLKRS-capped spherical nanosilver via a two-step method involving capping
agent exchange.23 Measurements for the nanoparticle sizes on the biosynthetic corneal implants did
not indicate significant size differences between the different experimental groups (187 + 29 nm, 181
+ 26 nm, and 192 + 35 nm for 15, 20, and 100 mM CLKRS, respectively). The lack of significant
differences should be cautiously considered as it is limited by the CRYO-SEM imaging resolution

of the system used for imaging the gels.

When measuring the loading of total silver in the implants upon photo-grafting, we also found
no trend in the total silver concentration as a function of increasing peptide loading (Fig. 1D).
These results are in good agreement, and almost mirror, the relative abundance of silver nanostruc-
tures which were grafted onto the surface of the various implants (Fig. 1E), as semi-quantitatively
illustrated in Fig. 1E right. Furthermore, grafting of the nanoparticles onto the corneal implants
does not modify the mechanical properties of the implants as depicted in Fig. S2t. Fig. 2A shows
the results of a proliferation assay for human corneal epithelial cells seeded onto implants without
and with a grafted layer of peptide protected nanosilver. At day 1 postseeding, cell proliferation on

nanosilver grafted surfaces prepared in the presence of 100 mM peptide was slower than that of the
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other tested groups. However, by day 3, cell growth on all of the nanosilver grafted groups had sur-
passed that of the uncoated implant. A dendritic cell assay performed (n = 3 mice) showed that the
AgNP did not activate dendritic cells. This illustrates that the AgNP grafted onto the implants are
not likely to cause inflammation, as immature dendritic cells are tolerogenic (Fig. S3t). This agrees
well with the multiplex cytokine analysis carried out on the tissue surrounding the area in which
the various corneas were subcutaneously implanted in a murine model, see Fig. S4.fAnalysis of
proliferation and polarization of mononuclear derived bone marrow macrophages, Fig. 2B, showed
that in the first three days post seeding there is very little proliferation observed in either the un-
modified control implant or any of the three CLKRS—-AgNP modified implants. However, at 7 days
post-seeding there is a marked increase in the extent of proliferation. The lag in growth may have
been caused by macrophage polarization, as it has been previously documented that these cells
do not proliferate well during polarization.?? In all cases, the tendency for monocytes to remain
undifferentiated or polarized towards an anti-inflammatory or tolerogenic M2 macrophage pheno-
type was greater than the polarization towards pro-inflammatory M1 cells (n = 3) (Fig. 2C). In
particular, the number of M1 macrophages was significantly reduced for the 100 mM peptide group
when compared to the unmodified control. These findings are in line with the non-inflammatory

activity of collagen-based biomimetic implants previously developed by our team members.!3:2?

Next, we assessed the antimicrobial potency of our in situ grafted implants, Fig. 3. First, we
analyzed the extent to which the implants could eradicate bacteria in suspension. The data in Fig.
3A shows that upon in situ grafting of CLKRS—-AgNP onto the implants, no surviving bacterial
colonies (colony forming units per ml; CFU ml!) were detectable for any of the three bacterial
strains assessed (Pseudomonas aeruginosa (PA), Staphylococcus aureus (SA), and Staphylococcus
epidermidis). We next evaluated the ability of the surface grafted nanoparticles to delay biofilm
formation, see Fig. 3B. Our results for air-liquid biofilms of PA and SA indicate that grafting
of the surface with 100 mM CLKRS-capped nanosilver produced implants with reduced biofilm
bacteria when compared to the unmodified control implant. Further experimentation was carried
out using a human cornea-like model with a custom designed 3D printed artificial corneal chamber.
The corneal implants were perfused with saline solution to form a “dome” with a geometry similar
to that in the human eye, bacteria were then inoculated on the surface and then capped with
a CLKRS—-AgNP grafted implant. The entire system was then cultured overnight in a humidity
chamber. The schematics for the 3D printed devices are shown in Fig. 3C (stl files are available
from the authors upon request). Our mimetic model cornea system allows us to account for factors

such as curvature and contact angle between the biofilm and the antimicrobial layer. Evaluation of
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the number of surviving bacterial colonies was carried out using two standard techniques namely
swabbing and sonication. For both sampling techniques, quantification of the number of surviving
bacterial colonies after 17 h of incubation show that the AgNP grafted corneal implants have a
significant lower number of colonies when compared to the unmodified control group (Fig. 3C

right).
Conclusions

We have developed a simple and effective in situ method for the grafting of peptide-capped
nanosilver, that within 5 minutes is capable to generating corneal implants with antimicrobial
properties that were effective at eradicating P. aeruginosa, S. aureus, and S. epidermidis. Upon
grafting with the CLKRS— AgNPs the implants were also shown to reduce the extent of biofilm
formation for both P. aeruginosa and S. aureus bacteria. Future studies will look at incorporating
multiarmed and multifunctional peptides for chemical tethering to other types of corneal implants;
our in situ grafting approach presents an integrative technology that allows for excellent spatial
control of nanosilver formation and could be expanded to antimicrobial grafting of other functional

implants such as skin.
Experimental section
Chemicals and reagents

Silver nitrate (AgNOg), 2-hydroxy-40-(2-hydroxyethoxy)-2-methylpropiophenone (I-2959),
glycine, 25% glutaraldehyde solution, sodium hydroxide (NaOH), phosphate buffered saline (PBS),
sodium citrate, sodium chloride (NaCl), 40,6-diamidino-2- phenylindole dihydrochloride (DAPI),
1,4-butanediol diglycidyl ether (BDDGE), lysogeny broth (LB) and tryptic soy broth (TSB) were
purchased from Sigma-Aldrich and used without further purification. The pentapeptide CLKRS
was purchased from CanPeptide. Theracol porcine type I collagen solution was purchased from
Sewon Cellontech Co Ltd. Solutions were prepared with Milli-Q water, unless otherwise noted.
Other cell culture media and reagents such as Dulbecco’s modified Eagle Medium (DMEM),
keratinocyte media, fetal bovine serum etc. were purchased from Thermo Fisher Scientific unless

otherwise specified.

Collagen based cornea-like hydrogel synthesis
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Hydrogels of 500 mm or 200 mm thicknesses were prepared using type I medical grade porcine
collagen solution. Briefly, 10% w /v collagen solutions were crosslinked using 1,4-butanediol digly-
cidyl ether (BDDGE) after neutralization of the collagen solution. Gels were cast into hemispherical
moulds or between two glass plates and allowed to cure in a humidity chamber at 4°C for 18-20 h.

Once solidified, gels were stored in sterile PBS at 4°C.
in situ synthesis of CLKRS capped AgNP

in sity formation of CLKRS capped AgNP was performed using 3 formulations. Briefly, collagen-
based cornea like gels were washed with Milli-Q water and then dried. 2 mL of selected formulation
containing 15, 20 or 100 mMof the peptide (mixture of CLKRS peptide, silver nitrate and Irgacure-
2959) was then added to a weighing boat containing the gel to be modified. The solution was then
irradiated in a UVA photoreactor (Luzchem) for 5 minutes. Gels were then washed with Milli-Q

water and sterile PBS three times.
Surface plasmon band spectra

Surface plasmon band spectra were recorded using a SpectraMax M2 (Molecular Devices) mi-
croplate reader. Samples were prepared and kept in a 96 well plate which was then measured directly
in the plate reader from 350-700 nm. Scanning electron microscopy (SEM) Cryo-SEM images were
taken at -50°C using a Tescan (Model: Vega II-XMU) equipped with a cold stage sample holder, a
backscatter electron detector (BSE) and a secondary electron detector (SED).

Transmission electron microscopy (TEM)

TEM images of the CLKRS—-AgNP solutions were prepared from 10x diluted samples. 10 mL
of each of the formulations was dropped onto carbon mesh copper grids and allowed to rest for 10
min. The solution was removed, and grids were dried in a vacuum desiccator for 2—-3 days. Images
were obtained using a FEI Tecnai G2 F20 TEM operating at 75 kV. All samples were measured in

triplicate.
Dynamic light scattering (DLS)

Hydrodynamic size and zeta potential of the CLKRS-AgNP was measured using a Malvern
Zetasizer Nano ZS at room temperature in 1.0 cm path-length disposable plastic cuvettes. Samples

were measured in triplicate and values correspond to the average of three measurements.

Young’s modulus
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Cornea-like gels with and without surface functionalization with CLKRS—-AgNP were prepared
as sheets and cut into strips of 3 cm length and 5 mm width. Using an Instron 3342 instrument
the gels were then extended until fracture. The Young’s modulus was calculated from the resulting

stress—strain curve.
Microbiology assays

Bacteria cultures. Bacteria cultures were prepared using 10 mL of the bacterial suspension,
initially stored in -80°C, streaked on a LB agar plate in a 2-phase streaking pattern and incubated
for 16 h at 37°C. After single colonies had grown on the agar plate, a single colony was resuspended
in 2mL of 100
LB agar broth and incubated in an orbital shaker incubator for 16-18 h at 225 rpm and 37°C. The
treated cornea gels (500 mm thickness, 5 mm diameter) were placed in a 24-well plate and 1.5 mL of
10° CFU mL of P. aeruginosa PA14, S. aureus (ATCC 25923) and S. epidermidis (ATCC 35984),
were added in each well and incubated for 16 h. They were then plated on LB agar and quantified
by CFU counting.

Biofilm assays. Biofilms of P. aeruginosa PAl4, S. aureus and S. epidermidis were grown on
the control and treated gels and quantified by counting CFU. P. aeruginosa cells were cultured
in 5 mL LB medium whereas S. aureus and S. epidermidis were cultured in 5 mL TSB medium
overnight at 37°C. The cultures of PA14 were then diluted with M63 medium whereas S. aureus and
S. epidermidis cultures were diluted with TSB + 0.5% glucose. P. aeruginosa biofilms were grown
for 6 h and staphylococci biofilms were grown for 22 h. The biofilms were cultured in a 12-well

microtiter plate using an air-liquid interface at 37°C and then plated on LB agar plates.

Bacteria cornea like-system test. 3D printed artificial anterior chambers were used in this
part of our work. Cornea-like gels (synthetic cornea) were prepared as cornea-like and flat sheets
(500 mm thickness, cut into circular discs with 10 mm diameter). This biosynthetic corneas were
inoculated with bacteria and then small circular disc shaped gels functionalized with CLKRS-AgNP
were mounted into the cornea holders. After 17 h the upper discs were removed and abundantly
washed with PBS. Using an inoculation loop the surface of the corneas was swabbed and plated
on LB agar to ensure there was no prior contamination on the surface. These corneas were then
inoculated with 1 x 107 CFU mL™ of P. aeruginosa PAO1 and incubated in a humidity chamber
for 17 h at 37°C. Control and treated gels were swabbed and plated on LB agar or sonicated for 15

min in sterile saline and plated on a LB agar plate.
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Cell assays

Human cornea derived epithelial cells. The in vitro compatibility of CLKRS-capped AgNP
grafted corneas were tested using green fluorescence protein (GFP) transfected immortalized human
corneal epithelial cells (HCECs).26,27 Briefly, CLKRScapped nanosilver corneas and unmodified
control gels were fitted into a 96 well plate. The gels were washed with sterile 1x PBS for 12 h,
followed by 3 h in keratinocyte serum free media (K-SFM). 2500 cells per well were then seeded into
each well in K-SFM media. The cells were cultured for 3 days, with half the media being exchanged
every second day. Images were captured on a NanoEntek Juli Br&Fl microscope and quantified

using ImagelJ.

Murine bone marrow derived macrophages and polarization assay. Macrophages were
isolated as previously described28 with ethical permission from the Animal Care and Use Committee
of the Ottawa Heart Research Institute. Briefly, bone marrowderived macrophages (BMDMs) were
generated from the tibial bones of C57BL/6 female mice (8-10 weeks old). BMDMs were maintained
for 1 week in DMEM with 10% FBS, 15% 1929 media containing macrophage colony-stimulating

factor and penicillin—streptomycin.

For the assay, BMDM precursors from female C57BL /6 mice (8-10 weeks old) were used. The
wells of a 24-well culture plate were fitted with the modified and unmodified corneal implants. The
hydrogel was washed 3 times with 1mL of 1x PBS, followed by two additional 1 mL rinses with
media before the seeding of cells. The BMDMs were seeded into the control wells and onto the
material at a density of 20 000 cells per well in a 48-well plate. The plate was then placed in a
humidified incubator at 37°C and 5% CO2 with the media in each well being exchanged every 48 h
up to 7 days. Images were captured and quantified at day 0, 1, 3, and 7. On day 7 the wells were
processed for immunofluorescence analysis to determine their polarization towards either an M1 or
M2 phenotype. Briefly, media was removed, wells were washed 2x with Hank’s buffer, and then
cells were fixed with a solution of 4% PFA in 1x PBS at 4°C in the dark. Fixative was removed
and wells were washed 2x with NH4Cl in PBS, waiting 7 minutes between washes. The samples
were then washed 3x with 1x PBS. On the final wash 0.2% NaN3 was added from a 2% NaN3
stock (10 mL/1 mL). When ready for staining, samples were washed with PBS and then blocked
and permeabilized using a 2% BSA in PBS solution containing 0.5% Triton X-100 for 1.5 h at RT.
Primary antibodies for CD206 and CD86 were then diluted appropriately and added to the well
plate to incubate overnight covered in foil at 4°C. The next day wells were washed with 1x PBS.

Secondary antibodies were diluted and added to the plate and incubated at RT covered in foil for 1
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h. After 1 h of incubation with the secondary antibodies, the wells were washed 3x with 1x PBS.
The coverslips were removed from the wells and mounted onto a glass slide using Prolong™ Gold
antifade reagent with DAPI (Invitrogen, P36931). Cells were imaged with a Zeiss Axiovert 200M
Fluorescence microscope equipped with an AxioCam MR, camera using 63X oil immersion objective.
The filters employed were DAPI blue filter (Ex: 352-402 nm/Em: 417-477 nm), GFP green filter
(Ex: 457-487 nm/Em: 502-538 nm), Texas Red filter (Ex: 542-582 nm/Em: 604-644 nm). For
quantification, 4 random microscopic images were obtained from each well and the number of M2

and M1 macrophages was quantified using ImageJ software.

Dendritic cells. Ethical permission for this assay was obtained from the Animal Care and Use
Committee of Maisonneuve-Rosemont Hospital. The tibia and femur of male, 6-12 week old,
C57BL/6J mice were removed and the bone marrow was isolated.?? Red blood cells in the mar-
row were lysed using ammonium chloride solution (155 mM NH4Cl, 10 mM KHCO3). Cells
(1 x 10% cells per well) were seeded onto suspension culture plates in complete RPMI 1640
(RPMI-C) containing 10% containing 10% (v/v) fetal bovine serum (Wisent), 0.5 mg mL™! peni-
cillin-streptomycin—glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 55 mM b-mercaptoethanol
with 25 ng mL™! granulocyte-macrophage colonystimulating factor (GM-CSF) (all Gibco, Ther-
moFisher, Waltham, MA, USA). The cells were maintained in culture for six days and half of the
media was exchanged for fresh RPMI-C containing 50 ng mL' GM-CSF on days two and three.
The hydrogels (9 mm diameter, 200 mm thick) were pre-incubated overnight in 2 mL of RPMI-C
before being transferred into 1 mL of fresh RPMI-C on a 24-well plate. The cells were selected using
a Histodenz™ density gradient (Sigma-Aldrich, St. Louis, MO) and seeded on the hydrogels at a
density of 1 x 10° cells per well in a total volume of 2 mL for materials testing. Lipopolysaccharide
(1 mg mL™1) was used as a positive control for BMDC activation and untreated cells were used as a
negative control. The cells were labelled with direct-conjugate antibodies for CD11c, TA/IE CDA40,
CD80 and CD86 (Table S11) and Zombie Aqua™ Fixable Viability Kit (BioLegend, San Diego,
CA). Flow cytometry was performed with a BD LSR IT and analyzed using FlowJo v10.6.1 (Becton,
Dickinson & Company, Franklin Lakes, NJ, USA). The cells were gated using Zombie Aqua and
CDl11c as markers of a live, dendritic cell phenotype (see Fig. S5ifor a gating example). A his-
togram of the fluorescent intensity of CD40, CD80 and CD86 was obtained and the mean fluorescent
intensity was transformed into a ratio over the untreated BMDC control for analysis. The in vitro
statistical analysis for BMDCs was performed using a one-way ANOVA with Holm—Sidak multiple
comparison test (GraphPad Prism 8.4.1, GraphPad Software, LLC., San Diego, CA, USA). The

unit of analysis was the mouse (n = 3, per group).
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Animal surgery

All in vivo studies were conducted with ethical approval from the University of Ottawa Animal
Care Committee and in compliance with the National Institutes of Health Guide for the Use of
Laboratory Animals. Female C57BL/6J mice 8 weeks, each weighing 20-25 g, were chosen to
assess the cytokine activation to the implanted hydrogels. The materials were prepared under
sterile conditions and 6 mmc ircular pieces were cut. During the surgical procedure, mice were
anesthetized with 3% isflurane through a nose cone inhaler and their backs shaved and washed
with betadine/70% ethanol. Paravertebral incisions were made 1.0 cm away from the vertebral
column to create subcutaneous pockets by blunt dissection using hemostats. Then, the pieces of the
materials were implanted (n = 4 per group, 4 animals for 72 h) and the incision closed with a 5.0
silk suture. Sham group underwent the surgical procedure but without the implant insertion (n =
3). All animals were observed for signs of inflammation and pain was managed by Buprenorphine
administered post-surgery. Mice were euthanized after 72 h. Implants and skin surrounding pocket

were collected to run cytokine array.
Cytokine assay

After collection at 72 h post-implantation, surrounding tissue and implant samples were
homogenized and processed for protein analysis. Multiplex analysis of protein concentrations
for 14 growth factors/cytokines [granulocyte-macrophage colony-stimulating factor (GM-CSF),
macrophage colonystimulating factor (M-CSF), tumor necrosis factor alpha (TNFa), EMMPRIN,
vascular endothelial growth factor (VEGF), epidermal growth factor receptor (EGF-R), interleukin
3 (IL3), interleukin 6 (IL6), interleukin 1 alpha (IL1-«), interferon gamma (IFN-v), matrix metal-
lopeptidase 2 (MMP2), matrix metallopeptidase 9 (MMP9), matrix metallopeptidase 12 (MMP12)
and basic fibroblast growth factor (FGF-basic)| was performed with the Luminex 200 platform built
on xMAP technology (Luminex Corp.) using specific magnetic beads, according to the manufac-
turer’s instructions. All the treated samples were normalized to control which was plotted and

compared amongst the treatment groups.
Silver content quantification

Silver content of treated cornea-like gels and the silver content in each of the mice organs
collected were measured by inductively coupled plasma-mass spectroscopy. For the gels, samples
were prepared and synthetized with CLKRS—AgNP and then freeze-dried for seven days. Similarly,

the organs from mice were harvested, frozen, and freeze-dried for seven days. The samples were
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digested in a DigiPREP MS system (SCP Science) and silver concentration was determined by
inductively coupled plasma-mass spectroscopy (ICP-MS; Agilent 7700x) by monitoring the 107 m/z
signal (100 ms integration), using Argon as a carrier gas (0.85 mL min™, Ar plasma gas flow: 15
L min!). The final concentration of silver in each sample tissue were measured in mg kg™ and

plotted.
Statistical analysis

All tests mentioned above were repeated a minimum of 3 times in batches of 3 or 4. All data
are presented as mean + standard deviation. The statistical analysis was performed using one-way

ANOVA with Holm’s post-hoc in Kaleida graph or Holm-Sidak multiple comparison GraphPad.
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Figure Legends

Fig. 1 Synthesis and characterization of CLKRS-AgNP grafted collagen-based corneal implants.
(A) Schematic depiction for the in situ grafting of CLKRS-AgNP to the surface of collagen im-
plants. The nanoparticle precursors used in the study correspond to: Irgacure- 2959 (I-2959), silver
nitrate (AgNOs3), and the CLKRS peptide. (B) Left: Surface plasmon absorption for the AgNP
prepared using three different nanoparticle concentrations of the CLKRS peptide measured in col-
loidal solution. Middle: Surface plasmon absorption of the CLKRS capped AgNP grafted in situ
onto the surface of the implant. Right: Representative images of the in situ CLKRS-AgNP grafted
implants. Scale bar in all images correspond to 5 mm. (C) Average size of colloidal AgNP prepared
in the presence of different concentrations of the CLKRS peptide. Diameters were calculated from
measuring >100 individual particles. (D) Total silver content per g of dried implants whose surfaces
were modified with nanosilver in the presence of increasing concentration of CLKRS. n = 3-4 sam-
ples per group, analysis was conducted using ICP-MS, see experimental. (E) Left: Representative
CRYO-SEM images of the implant surface without and with in situ grafted nanosilver prepared
using different CLKRS concentrations. Scale bars correspond to 5 mm in all cases. Right: Number
of nanoparticles per field of view (FOV) counted on the surfaces of implants prepared using the
three different CLKRS concentrations employed in this study. Counting was carried out in 3 ran-
domly selected regions of the implants. Values in plots C and D are represented as box plots. The
bars extending from the top and bottom of each box mark the minimum and maximum values with
the data set that fall within an acceptable range. p values were calculated using one-way ANOVA

followed by Holms post hoc analysis.

Fig. 2 in vitro cell compatibility assays for CLKRS-AgNP grafted corneal implants. (A) Number
of human dermal epithelial cells (GFP+) per field of view (FOV) counted at 1- and 3 days post-
seeding. (B) Number of macrophages per FOV counted at different time points, up to 7 days,
post-seeding of bone marrow derived mouse macrophages. (C) Number of positive stained M1 or
M2 macrophages per FOV counted after 7 days post-seeding on the corneal implants prepared with
different concentrations of the CLKRS peptide. Values in plots are represented as box plots. The
bars extending from the top and bottom of each box mark the minimum and maximum values with
the data set that fall within an acceptable range. p values were calculated using one-way ANOVA
followed by Holms post hoc analysis. Sample sizes were n = 4, n = 3, n = 4, and n = 4 for A, B,
C and D, respectively.Fig. 2 in vitro cell compatibility assays for CLKRS-AgNP grafted corneal
implants. (A) Number of human dermal epithelial cells (GFP+) per field of view (FOV) counted at
1- and 3 days post-seeding. (B) Number of macrophages per FOV counted at different time points,

134



up to 7 days, post-seeding of bone marrow derived mouse macrophages. (C) Number of positive
stained M1 or M2 macrophages per FOV counted after 7 days post-seeding on the corneal implants
prepared with different concentrations of the CLKRS peptide. Values in plots are represented as box
plots. The bars extending from the top and bottom of each box mark the minimum and maximum
values with the data set that fall within an acceptable range. p values were calculated using one-way
ANOVA followed by Holms post hoc analysis. Sample sizes were n = 4, n =3, n = 4, and n = 4
for A, B, C and D, respectively.

Fig. 3 Biomimetic assays for the antimicrobial properties of the CLKRS-AgNP grafted corneal
implants. (A) Number of surviving colonies in solution for different bacterial strains. Colonies were
counted after 16 h of incubation in LB media. Initial seeding inoculum was 1 x 10> CFU mL!
from an overnight culture. (B) Number of surviving colonies. Overnight cultures of Pseudomonas
aeruginosa were diluted with M63 medium whereas Staphylococcus aureus overnight cultures were
diluted with TSB + 0.5% glucose. P. aeruginosa biofilms were grown for 6 h and staphylococci
biofilms were grown for 22 h. The biofilms were cultured using an air-liquid interface at 37°C
and plated on LB agar plates. (C) Left: 3D render of the chamber used for the ex vivo testing
of the antimicrobial corneal implants. The numbers in the figure correspond the different parts
of the chamber: (1) securing cap, (2) perfusion chamber, (3) inflow channel (4) outflow channel.
Middle: Photograph of an assembled chamber. The corneal implant is positioned at the centre of
the chamber (5) and the fluid is pressurized to form a cornea-like curvature. Right: Number of
colonies recovered from the implants (initial seeding inoculum 1 x 107 CFU mL™) after 17 h at
37°C. Samples from the corneas were collected through swabbing or upon 15 min of sonication in
sterile saline and plated on LB agar plates. In all the plots, the bars extending from the top and
bottom of each box mark the minimum and maximum values with the data set that fall within
an acceptable range. p values were calculated using one-way ANOVA followed by Holms post hoc
analysis The 0 mM CLKRS groups correspond to non-grafted corneal implants. Sample sizes were

n=4,n=3,and n = 4 for A, B, and C, respectively.
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Supplementary Figure Legends

Figure S1. Changes in the surface plasmon band (SPB) absorption as a function of the irradia-
tion time for nanoparticles prepared at different peptide concentrations prepared onto the corneal
implants. Samples were measured at their respective SPB maximun. FError bars correspond to

standard deviation from the mean (n=4), measured at room temperature.

Figure S2. Young modulus for corneal implants before and after nanosilver-peptide grafting. Error

bars correspond to standard deviation from the mean (n=5-7), measured at room temperature.

Figure S3. Expression of CD40, CD80, or CD86 relative to untreated BMDCs for the different
experimental groups. Cells were precultured on the corneal implants with and without the peptide-

nanosilver prepared at different peptide concentration.

Figure S4. Relative to control cytokine levels measured by multiplex sample analysis (n=3).
Samples were measured after 72h post-subcutanous implantation (see experimental). In all cases,

but for MMP12 (20 vs 100 uM CLKRS) there were no significant differences.

Figure S5. A representative example of the gating strategy used in the dendritic cell experiments.
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Figure 3.
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Supplementary Figures

Figure S1.
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Figure S3.
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Supplementary Table

Table S1. Antibodies for Flow Cytometry

Dilution
Target Antibody
Factor
Brilliant Violet 6507 anti-mouse CD11c,(Clone: N418),(IsoType:
CDl1l1c Armenian  Hamster  IgQG),(Reactivity: Mouse),(Format: | 1/1600
BV650),(APP: FC),(Species: Hamster), Biolegend, 117339
IA-IE PerCP/Cy5.5 anti-mouse I-A/I-E,(Clone: M5/114.15.2),
(MHC (IsoType:  Rat IgG2b, k), (Reactivity:  Mouse),(Format: | 1/3200
Class II) PerCP/Cy5.5), (APP: FC), (Species: Rat), Biolegend, 107626
CD40 CD40, APC, clone: 1C10, eBioscience’™ | 501129392 1/400
PE anti-mouse CD80,(Clone: 16-10A1),(IsoType: Armenian
Hamster IgG),(Reactivity: Mouse, Cross-Reactivity: Dog (Ca-
CD8O 1/100
nine)),(Format: PE),(APP: FC),(Species: Hamster), Biolegend,
104708
FITC anti-mouse CD86,(Clone: GL-1),(IsoType: Rat IgG2a,
CD86 k),(Reactivity: ~ Mouse),(Format: FITC),(APP: FC),(Species: | 1/50
Rat), Biolegend, 105006
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Abstract

Sterilization of biodegradable, protein-based implants is challenging as conventional terminal
sterilization methods can impact their performance in clinical use. Electron beam (e-beam) irradi-
ation is a terminal sterilization method that has been used for biologically-derived implants. Here,
e-beam doses of 17 kGy, 19 kGy or 21 kGy were examined for their effects on recombinant human
collagen, type III-phosphorylcholine (RHCIII-MPC) hydrogels and their subsequent biocompatibil-
ity and ability to promote regeneration in rabbit corneas. Controls comprised unirradiated hydrogels
stored in 1% chloroform in phosphate-buffered saline (C-PBS). There were no significant differences
between irradiated and non-irradiated samples in optical properties, physical properties (tensile
strength, modulus, elasticity) or the ability to support cell growth. However, irradiated implants
were more sensitive to high levels of collagenase than unirradiated controls. When implanted into
rabbit corneas, corneal implants e-beamed at 17 kGy when implanted into rabbit corneas showed
no adverse biological effects of the irradiation. Both e-beamed and C-PBS corneas had epithelial
coverage at one-week post-operation. Both showed mild neovascularization that resolved by six
months, so all regenerated neo-corneas were clear at six months post-operation. In vivo confocal
microscopy identified newly regenerated nerves in the sub-basal nerve plexus. Histology showed
that the regenerated corneas were morphologically normal. Immunohistochemistry indicated the
presence of a differentiated corneal epithelium and functional tear film. In conclusion, e-beamed
corneal implants performed as well as control implants, resulting in fully regenerated neo-corneas
with new nerves, and without blood vessels or inflammation that may impede vision or corneal
function. Therefore, a complete validation study to establish e-beam irradiation as an effective

means for corneal implant sterilization prior to clinical application is necessary.
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INTRODUCTION

Biomaterials are increasingly used as implants, but post-operative infections associated with
the materials remain a significant complication. Implants are sterilized to minimize the risk of in-
fection. However, those made from biodegradable, biologically-derived materials are often sensitive
to conventional sterilization techniques and therefore sterilization remains problematic (Zhang et
al., 2006; Dai et al., 2016). We developed and successfully tested in clinical trials pro-regeneration,
biosynthetic corneas made from recombinant human collagen type III (RHCIII) as prospective al-
ternatives to human donor corneas for the treatment of corneal blindness. Our implants successfully
and stably stimulated regeneration of the corneal epithelium, stroma, and associated nerves, after
lamellar keratoplasty, without the need for sustained immunosuppression in a first-in-human study
(Fagerholm et al., 2010, 2014). For use in patients with severe pathologies that put them at high
risk of rejecting conventional donor transplantation, RHCIII implants incorporating a synthetic lipid
polymer, 2-methacryloyloxyethyl phosphorylcholine (MPC) that suppresses inflammation, were suc-
cessfully tested in high-risk patients with ulcerated and badly scarred corneas (Hackett et al., 2011;
Islam et al., 2013, 2015; Kakinoki et al., 2014). In these early clinical studies, RHCIII-MPC implants
were manufactured aseptically under Class 100 or ISO 5 conditions and stored in phosphate-buffered
saline (0.1 M) containing 1% chloroform (C-PBS) to maintain sterility (Fagerholm et al., 2010, 2014;
Hackett et al., 2011; Islam et al., 2013, 2015; Buznyk et al., 2015). However, this storage solution
requires an extensive washing procedure to remove the chloroform before surgery. The implants are

then further washed in antibiotics before use to ensure their sterility.

For expanded clinical testing and future clinical application, an effective terminal sterilization
procedure that allows the surgeon to open the vial to use the implants simply is needed. However,
like most complex proteins, collagen responds to heat or irradiation by changing its physical or
biological properties due to alterations in chemical and morphological structures. With these, its
associated biointeractive properties (Hoburg et al., 2010; Stoppel et al., 2014). Electron beam (e-
beam) sterilization uses high-energy electrons that produces beams with a lower depth of penetration
and high dose rate and is less stressful to materials than gamma irradiation, which has a low dose
rate and high penetrability. It has been shown that e-beam is preferable to gamma irradiation
for tissue grafts (Hoburg et al., 2011). For collagen sponges in particular, gamma irradiation has
been shown to cause significant shrinkage (Noah et al., 2002) and hence loss of implant weight
(Grimes et al., 2005). Nevertheless, low irradiation doses have been successfully used to sterilize

biological materials such as collagen scaffolds and decellularized porcine dermis (Dearth et al., 2016;
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Herbert et al., 2017; Monaco et al., 2017). The VisionGraft® is an acellular graft cornea gamma-
irradiated at 17 - 23 kGy (CorneaGen; Daoud et al., 2011; Chae et al., 2013). This process causes
a decrease in the corneal melting temperature indicative of free-radical damage to the peptide
backbone, which could affect the RHCIII fibrils present in RHCIII-MPC. In contrast, e-beam has
been successfully used to irradiate a number of different biomaterials. Kajii et al. e-beam irradiated
at 15 and 40 kGy an octacalcium phosphate and collagen composite (OCP /Col) designed to promote
bone regeneration as bioburden-spiked samples. They found that while both doses sterilized the
composites, the 15 kGy dose permitted more effective bone regeneration (Kajii et al., 2018). In
Proffen et al., extracellular matrix proteins containing collagen were aseptically manufactured into
scaffolds for improving anterior cruciate ligament repair (Proffen et al., 2015). Subsequently, samples
that were e-beam irradiated at 15 kGy maintained their sterility while non-irradiated scaffolds
became contaminated with bacteria and fungi. These reports are in keeping with the industrial
standard (ISO 11137-2) indicating that a 15 kGy irradiation dose can result in a log reduction of
10 colony-forming units of bacteria and fungi when used on a material with a low initial bioburden

(International Standards Organization, 2012).

The use of e-beam irradiation for the sterilization of medical devices requires process validation
following ISO 11137-2:2012 (International Standards Organization, 2012). Prior to pursuing a very
costly full process validation, here, we conducted an evaluation on the ability of low doses of e-
beam irradiation to maintain the sterility of RHCIII-MPC corneal implants manufactured under
low initial bioburden conditions, as an alternative to C-PBS. We also examined the effects of 17, 19
and 21 kGy of e-beam irradiation on the physical properties of the implants, and, most importantly,

biocompatibility and performance as corneal implants in rabbit models.
METHODS

Implant fabrication and packaging

RHCIII-MPC implants were fabricated under aseptic conditions, as previously described (Islam
et al., 2015). Briefly, 500 mg of 18% (w/w) aqueous solution of recombinant human collagen-III (Fi-
brogen Inc., San Francisco, CA) was buffered with 150 pl of 0.625 M 2-(N-morpholino)ethanesulfonic
acid (MES; Sigma-Aldrich, Steinheim, Germany) buffer in a syringe mixing system. N-hydroxyl-
succinimide (NHS; Sigma-Aldrich, Steinheim, Germany), 2-methacryloyloxyethyl phosphorylcholine
(MPC; Paramount Fine Chemicals Co. Ltd, China), poly(ethylene glycol) diacrylate (PEGDA;
Sigma-Aldrich, Steinheim, Germany), ammonium persulphate (APS; Sigma-Aldrich, Steinheim,
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Germany), N,N,N’ N’-tetramethylethylenediamine (TEMED; Sigma-Aldrich, Steinheim, Germany)
and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC; Sigma-Aldrich, Steinheim, Germany)
were sequentially added into the syringe mixing system followed by mixing at 0°C. The collagen
primary amine:NHS:EDC molar ratio was 1:0.35:0.7 while the MPC:collagen ratio (w/w) was 1:2.
PEG-DA:MPC ratio (w/w) equaled 1:3, APS:MPC ratio was 0.03:1 and APS:TEMED equaled
1:0.77. After demoulding, the hydrogels were washed thoroughly in a phosphate bath and bottled
in 0.1M sterile phosphate-buffered saline (PBS). Implants were packaged in 10 mL of either 0.1M
PBS or in PBS containing 1% chloroform (C-PBS) in 10 mL sized vials. The vials were sealed
with “tear-off” aluminum crimp caps with 3 mm butyl/PTFE septa, sealed using a hand-crimper.
After sealing, the vials were placed in double autoclave bags for irradiation. For the in vitro e-beam
dose-response study, implants were cast in dogbone-shaped molds, 0.5 mm thick, with a central test
section with the dimensions 14 x 6 mm, and a grip area at each end of 6 x10 mm. For the third-party
sterility testing and rabbit study, implants were cast as 12 mm wide, 350 pum thick corneal-shaped

implants with 3 mm concave curvature.
E-beam irradiation and ability to retain sterility

To determine an optimal e-beam dose, 3 implants per group were sent for e-beam sterilization
at 17, 19 and 21 kGy (Sterigenics, Espergarde, Denmark). A dosimeter packet was placed with each
vial during irradiation to measure the absorbed dose. The applied radiation dose was very precisely
controlled with an acceptable dose deviation of + 0.1 kGy. Another 3 control implants were stored

in C-PBS.

The ability of the 17 kGy dose irradiated implants to maintain sterility was assessed by the
sterilization provider following DS/EN ISO 11737-2 (Sterigenics, Espergaerde, Denmark). Sterility
and endotoxin levels were assessed for the 17 kGy dose following DS/EN ISO 11737-2 by a second
independent third party (APL, Stockholm, Sweden). The sterility test was conducted following
Ph.Eur. 2.6.1 Sterility, using the direct inoculation method [22]. Human cornea-shaped and sized
implants (10 mm diameter, 500 pm thick curved hydrogels) were irradiated at 17kGy. Irradiated
implant samples were then immersed directly into tryptone broth and incubated at 28-32°C for
14 days. During this time, the contents of the containers were examined for evidence of microbial
growth. If turbidity were observed, confirmation of growth or no growth was done by sub-culturing
on tryptone soya agar (TSA) plates at 30-35°C for an additional 7 days. The amount of bacterial
endotoxin in the irradiated hydrogels was tested following Ph.Eur. 2.6.14 Bacterial endotoxins,

using the gel clot method that detects and quantifies the amount of toxin present by the clotting of
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an amoebocyte lysate from the horseshoe crab (European Directorate for the Quality of Medicines

& HealthCare, 2014).
Sterility of Controlled Bioburden Corneal Samples

The initial e-beam samples weren’t carrying sufficient bioburden to establish the efficacy of the
dose. Corneal samples were manufactured and intentionally inoculated with known bioburden. The
efficiency of sterilization methods was evaluated against gram (+) and gram (-) bacteria, Staphylo-
coccus aureus and Pseudomonas aeruginosa, respectively. The individual implant was placed in a
10 mL PBS containing vial. Staphylococcus aureus ( 400 CFU) was added to half of the vials (n=6)
and the rest of the vials were treated with Pseudomonas aeruginosa ( 400 CFU) (Fig 1AF). From
each bacteria group, half of the vials (n=3) were sent for e-beam irradiation (Nutek Bravo, Hayward,
CA 94545, USA) and to the rest of the vials (n=3) 1% chloroform was added. After irradiation,
the vials were returned to the lab and tested for bacterial viability. For double conformation of the
sterility, two sets of studies were performed with the irradiated and chloroform treated vials. In
one study set, a 100 pL of the vial storage solution were streaked over Tryptic soy agar plates and
monitored for bacterial growth. In the other study set, the implants from the vials were transferred
to another sterilized vial containing 2 mL Tryptic soy broth (T'SB) media (Teknova Inc., Hollister,
CA 95023, USA) media. These vials were incubated overnight with shaking (80rpm). Then the
TSB media from the vials were streaked over Tryptic soy agar plates and monitored for bacterial

growth. After 24h, the total CFU for both bacteria were counted.
Materials Testing
Mechanical and Thermal Properties

Three 3 doghone-shaped hydrogels receiving 17, 19 or 21 kGy of irradiation or C-PBS stored
controls were examined. Tensile strength, Young’s modulus and elongation at break were measured
using an Instron Universal test machine (Biopuls 3343, High Wycombe, UK). These measurements
were carried out under water immersion at 37°C. The crosshead speed was 10 mmemin-1 and
the lead cell was 50 N. All the samples broke at the waist of the dogbone-shaped sample. The
thermal properties of the hydrogels were measured using differential scanning calorimetry (DSC).
The denaturing temperature was determined using a Cellbase DSC (Instrument Specialists Inc, Twin
Lakes, USA), measured in the heating range of 8 to 80°C at a scan rate of 8°C min™*. Approximately

5-10mg of the hydrogels were weighed after removing the surface water and hermetically sealed in
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an aluminum pan to prevent material dehydration. Tmax of the curve of heat flow (W/g) versus

temperature (°C) gives the denaturing temperature.
Optical Properties

Light transmission and backscattering measurements of e-beam irradiated and C-PBS treated
implants (n=3 per group) were carried out at room temperature using a custom-built instrument,

as previously reported (Liu et al., 2008).
Biodegradation Study

Collagenase from Clostridium histolyticum (Sigma-Aldrich, MO, USA) was used to eval-
uate the biodegradation of irradiated and unirradiated hydrogels.  Approximately 15 mg
of each hydrogel (n=3 per group) were cut out and placed into 0.1M Tris-HCl buffer
(tris(hydroxymethyl)aminomethane hydrochloride (Merck KGaA Darmstadt, Germany) con-
taining 5 mM calcium chloride and 5 U/mL collagenase. The collagenase solution was refreshed
every eight hours. At different time points (Fig. 1) each sample was weighed after blotting off
surface water. The percentage of residual weight was calculated using the following equation:
Residual mass % = Wy / W, %, where Wy is the weight of hydrogel at a particular time point and
W, is the initial weight of the hydrogel.

In vitro biocompatibility

To evaluate the effect of e-beam irradiation on cell growth, green fluorescence protein (GFP)
transfected immortalized human corneal epithelial cells (GFP-HCECs) were seeded onto hydrogels
that were e-beam irradiated at doses of 17, 19 and 21 kGy (Islam et al., 2015). Controls consisted of
C-PBS incubated hydrogels. All the hydrogels were trephined into 6 mm discs to fit into the wells of
a 96-well plate. Five thousand GFP-HCECs were seeded onto each hydrogel sample and maintained
in Keratinocyte Serum-Free Medium (KSFM; Life Technologies, Invitrogen, Paisley, UK) containing
50 pg/ml bovine pituitary extract and 5 ng/ml epidermal growth factor in a 37°C incubator. The
medium was changed on every alternative day. Images of cultured cells were taken at different time

points using a fluorescence microscope (AxioVert Al, Carl Zeiss, Gottingen, Germany).

Primary HCECs were cultured on 5 mm discs of 17 kGy and C-PBS treated hydrogels in a 96
well plate with a seeding density of 1000 cells/well. The cells were maintained in KSFM in a 37°C

incubator for 5 days. The cells were fixed with 4% paraformaldehyde and stained with cytokeratin
3 (1:100, NBP1-69045, Novus Biologicals, USA or ab77869, AbCam, UK) with Goat anti-Rabbit,
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Alexa Fluor® 488 secondary (1:1000, A11034, Invitrogen, USA). The hydrogels were removed from
the wells and mounted on slides with coverslips for visualization using a fluorescent microscope

(Zeiss Axiolmager Z2, Carl Zeiss, Gottingen, German).
In vivo evaluation in rabbit corneas

This study was conducted in compliance with the Swedish Animal Welfare Ordinance and the
Animal Welfare Act, and with ethical permission from the local ethical committee (Linkdpings
Djurforsoksetiska Namnd). Three groups of curved RHCIII-MPC implants 6 mm in diameter and
350 pm thick were tested. These were e-beam irradiated at 17 kGy, irradiated and then frozen at
-80°C after PBS removal, or maintained sterile in C-PBS. An implant from one group was grafted
into each New Zealand rabbit’s right cornea (weight 3.5-4 kg) by deep anterior lamellar keratoplasty
(DALK), n=4 per group. Rabbits were anesthetized with xylazine (Rompun; Bayer, Gothenburg,
Sweden) and ketamine (Ketalar; Parke-Davis, Taby, Sweden). Each rabbit cornea was cut centrally
with a 6 mm diameter Baron Hessberg trephine set to a depth of 300 pm. The corneal tissue was then
dissected lamellarly with a diamond knife and removed. A 6.25 mm diameter implant was placed
into the wound bed and anchored with three 10/0 nylon overlying sutures. Animals were given
antibiotics in the form of 1% fucithalmic ointment (Fucithalmic; Leo Pharma AB, Malmo, Sweden)
topically 2 times daily during the first week after the surgery. No immunosuppression was used.
Sutures were removed at one-month post-operation. Clinical examinations were performed daily on
each animal for up to 7 days post-operation, and then at 1, 3 and 6-months post-operation. Slit-
lamp biomicroscopy was used to evaluate the implants for optical clarity /haze and any inflammation
(as indicated by excessive conjunctival redness, swelling compared to the unoperated contralateral
control eye) or neovascularization using a modified MacDonald-Shadduck scoring system (Altmann
et al., 2010). Other tests included intraocular pressure (IOP) measurements, Schirmer’s strip test for
tear production, fluorescein staining to access epithelial integrity, ultrasound pachymetry (Tomey
SP 3000, Tomey, Inc., Japan) to check corneal thickness and aesthesiometry to assess corneal touch

sensitivity (Cochet-Bonnet aesthesiometer, Luneau Oftalmologie, France).

Pre-operatively and at the 6-month follow-up, both corneas of each rabbit were examined by
in vivo confocal microscopy (IVCM) (ConfoScan3, Nidek, Japan) to image epithelial coverage, in-
growth of stromal cells, nerves and any blood vessels or immune infiltrate into the implants. A
total of 2106 IVCM images were analyzed from 16 eyes of 8 rabbits. Nerve count analysis was
performed according to Lagali et al. (Lagali et al., 2007). All images with nerves or nerve fiber

bundles (referred to collectively as nerves) were identified. For identification purposes, nerves were
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defined as bright, slender, straight, or branching structures; as substantially uniform in intensity
along their length and width, and as having a marked contrast difference from the background
intensity level. The following parameters were noted for each image: corneal depth location and
the number of nerves present. A total of 302 images with nerves were analyzed from all the groups.
To describe the location of corneal nerves, four corneal zones were defined: 20-50 pm below the
epithelial surface, representing the nerves of the subbasal nerve plexus at the basal epithelial and
subepithelial regions; sixty to 100 um below the epithelial surface, representing the most anterior
stromal region; 110 to 150 um below the epithelial surface, representing the deep anterior stroma;
160 pm and deeper — mid and deep corneal stroma. The outcome measures used in this study
consisted of the total number of nerve branches compiled within each depth zone and the total

number of nerves per each cornea.
Histopathology and Immunohistochemistry

Rabbit corneas were excised with a 3-4 mm rim of sclera around them, rinsed in 0.1M phosphate-
buffered saline (PBS) and then fixed in 4% paraformaldehyde in PBS. They were either pro-
cessed for paraffin embedding or frozen in optimal cutting temperature (OCT) compound. Routine
hematoxylin-eosin staining was performed on paraffin-embedded samples for histopathological ex-

amination.

Frozen sections were prepared for immunohistochemical staining with antibodies against Cytok-
eratin 3 and Cytokeratin 12 (2Q1040, ab68260, Abcam, UK) at a 1/50 dilution. FITC-conjugated
Ulex europaeus agglutinin (UEA, Sigma-Aldrich) was used for mucin detection. Seven-micron frozen
sections irradiated, irradiated and frozen and non-irradiated, implanted corneas as well as their cor-
responding unoperated contralateral controls were used and mounted on glass slides. Samples were
fixed with cold acetone (10 min, -20°C), air dried, immersed in PBS and then blocked with 5%
goat serum in PBS with 0.1% Tween 20 (blocking solution) for 60 min at room temperature. All
slides were washed in PBS with 1% Tween 20 (PBS-T) and then incubated with the secondary
antibodies (goat anti-rabbit Alexa 488 or goat anti-mouse Alexa 488; Jackson Immuno Research
Laboratories, Inc., West Grove, PA) diluted 1:1000 with the blocking solution for 60 min at room
temperature. After washing in PBS-T, the slides were dehydrated and mounted with Vectashield
mounting medium with DAPI (Vector Laboratories, Inc., Burlingame, CA). An LSM-700 Zeiss up-
right confocal microscope (LSM700, Carl Zeiss, Oberkochen, Germany) with a 20X objective was

used for capturing images. Images were captured with a light microscope (Axio Lab.A1, Carl Zeiss,
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Oberkochen, Germany), with a color camera (AxioCam ICc5) with a 20X objective connected to

the camera.
Statistical analyses

Statistical analyses were conducted using GraphPad Prism 8 (GraphPad Software Inc., La Jolla,
CA, USA). Data are presented as mean + standard deviation, unless otherwise indicated. For all
tests within this study, a P < 0.05 was considered statistically significant. Data were checked for
normality using a Shapiro-Wilkes test where appropriate (n<<50). One- and two-way ANOVA with
Tukey/Tamhane’s T2 post-hoc analyses was used to check between-group differences for data with
a normal distribution, including optical, mechanical, and thermal data. Collagenase degradation
was analyzed using non-linear regression to determine if the rate of degradation differed between
the irradiated and unirradiated samples. A one-phase exponential decay model was compared to a
sigmoidal curve to determine best fit based on graphical analysis of the raw data. The comparison
resulted in a sigmoidal curve being preferred for all data sets. The data were fitted with a sigmoidal
curve and tested to determine if one curve fit all data and if the best-fit values of selected unshared
data points differed between data sets. Clinical data were analyzed using a Kruskal-Wallis test with

Dunn’s multiple comparison test for post-hoc tests.

Corneal IVCM images were sorted according to eye, depth zone, and whether exposed to e-beam
or not. Paired sample t-tests were used to determine significant differences between nerve numbers,
corneal thickness and corneal aesthesiometry in control versus surgical corneas in each depth zone.

Student’s t-tests were used for comparisons between irradiated and non-irradiated samples.
RESULTS

E-beam Irradiation and Sterility

Sterigenics confirmed the irradiation of the dog-bone-shaped hydrogels at 17 + 0.1 kGy, 19 +
0.1 kGy and 21 £ 0.1 kGy, and cornea-shaped samples at 17 £+ 0.1 kGy. Independent analyses
showed that after the 14-day sample immersion in broth, the 17 kGy-irradiated implants showed no
microbial growth, indicating that the samples maintained their sterility (Sterigenics; APL, Stock-
holm, Sweden). The endotoxin test results showed that the implants were compliant with the <0.5
EU/ml cut-off requirement for implantable medical devices (U.S. Department of Health and Human

Services Food and Drug Administration, 2012).
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For the controlled bioburden samples, e-beam was shown to be effective against both gram -+
and — bacteria (Fig. 1H-I). Zero CFU was observed from storage media of Staphylococcus aureus
added vials, irrespective of sterilization methods (Fig 1H-I). Two Pseudomonas aeruginosa treated
vials showed 1 CFU each when irradiated (Fig. S1), whereas only one vial from chloroform sterilized
group of Pseudomonas aeruginosa showed 1 CFU (Fig S1). Implants soaked in TSB confirmed the
sterility of the implants (Fig S1). One chloroform treated Staphylococcus aureus vial showed 2 CFU
(Fig S1). Vials that were not explicitly mentionedcarried zero observed CFU.

Materials Properties

A summary of the mechanical, optical and thermal stability testing is given in Table 1. There
were no significant between group differences for any mechanical or optical properties between the
C-PBS and e-beam doses. One-way ANOVA of the thermal stability measurements obtained using
DSC showed an overall significant difference (p=0.02). There were significant differences between
17 kGy and 21 kGy (p=0.02), as well as 19 kGy and 21 kGy (p=0.03); however, no between group

differences were observed between the unirradiated and irradiated groups (p=0.8).

The collagenase biodegradation study was conducted to compare the stability of the hydrogels in
response to enzymatic degradation (Fig. 1A). Each data set was fitted with a sigmoidal curve with
a top value constrained at 100% to account for the total solid content mass at the beginning of the
assay (Table 1B). A test for one curve for all data sets was rejected (p<0.0001) indicating that each
curve was different. The hill slope of the irradiated implants was steeper than the C-PBS implants,
demonstrating an initial increased rate of degradation in the presence of collagenase within the first

24 hours, before levelling out.
In vitro cell biocompatibility

Both unirradiated and irradiated RHCIII-MPC hydrogels at all three doses supported the at-
tachment and proliferation of GFP-HCEC cultured on them (Fig. . 1A-F). Cultures of GFP-HCEC
reached confluence at day four on all hydrogels (Fig 1A-D). Cytokeratin 3 staining of primary
HCECs cultured on the 17 kGy and C-PBS materials showed that both hydrogels support termi-
nally differentiated corneal epithelial cells (Fig 1E-F).

Clinical Evaluation
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No immune-suppressive eye drops were used to determine the effects of any free radical or
hydroperoxide accumulation in post-irradiated implants that could cause irritation and inflamma-
tion. Post-surgical slit lamp examination of the implanted corneas showed no excessive redness
or swelling in irradiated implants compared to non-irradiated control samples. All implants were

stably incorporated over the surgical period without the use of immune suppressive eye drops.

Full epithelial coverage of the implants was completed within the first week post-surgery, as
demonstrated by the exclusion of sodium fluorescein, when the dye was applied. The healing
process was accompanied by mild neovascularization in all implanted animals. However, the neo-
vessels gradually resolved. At 6 months post-implantation, no or very few ghost vessels remained.
Mild subepithelial haze (grade 0.5-1) was observed in all rabbits throughout the follow-up period
regardless of the sterilization method (Table 2), but all implanted grafts remained transparent
(Fig. 2A-C). One rabbit in the irradiated group experienced significant subepithelial fibrosis and
haze in both the operated and unoperated eyes, leading to a significant outlier in the statistical
analysis (Fig. 3). Measurement of corneal thickness in the central zone at 6 months after surgery
by pachymetry revealed that the corneas implanted with unirradiated implants were thinner than
unoperated corneas. Still, the irradiated implants were not significantly different from either group

(Table 3).
In Vivo Confocal Microscopy

In vivo confocal microscopy performed at 6 months post-surgery showed that the epithelial
and stromal layers had regenerated as in all previous RHCIII-MPC grafts in various species. The
morphology of epithelial and stromal cells in irradiated, C-PBS and control untreated corneas were
similar. Both e-beamed and C-PBS and hydrogel implanted corneas were re-innervated (Fig. 2I-
L, 3A). Nerve counts made from IVCM images revealed that sterilization with e-beam and or 1%
chloroform solution did not influence the rate of nerve regeneration (Fig. 3A). Cochet-Bonnet

aesthesiometry showed no differences between nerve sensitivity in the corneas (Fig. 3B).
Histopathology and tmmunohistochemistry

Histopathological examination of H&E sections of the regenerated neo-corneas shows that e-
beam irradiated and C-PBS samples had stratified epithelia and lamellate stroma with flattened
cells, similar to that of the untreated, healthy contralateral corneas (Fig. 4 A-C). No significant
differences in epithelial thickness were noted. The sections were also free from any infiltrating

immune cells.
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Immunohistochemistry showed that like healthy control corneas, the regenerated neocorneas
from both irradiated and unirradiated corneal samples stained positively for epithelial cytokeratins
3 and 12, and mucin (Fig. 4 D-I). No significant differences in the thickness of cytokeratin and

mucin layer or intensity of the staining were observed.
DISCUSSION

E-beam, like gamma irradiation, is a widely accepted method for sterilization, and has been
effectively used for terminal sterilization to eliminate any microbial, fungal or viral contamination
that may have been introduced during the manufacturing process. E-beam sterilization is governed
by the ISO standards 11137 and 13409 and uses very high-energy electrons that directly destroy
bioburden. The high-energy electrons also collide with other local electrons, generating secondary

electrons with sufficient energy to destroy bioburden.

While RHCIII-MPC implants have been manufactured aseptically and stored with 1% chloro-
form to maintain sterility in clinical trials with small cohorts of patients, for routine clinical use, a
more repeatable and controlled process that gives a high assurance of sterility is needed. Here, we
showed that while e-beam irradiation at 17, 19 and 21 kGy resulted in changes in the degradation
profile of RHCIII-MPC implants under high concentrations of collagenase, no significant differences
in optical or mechanical properties were observed for all irradiation doses when compared to unir-
radiated controls. The lack of observed changes may be attributed the EDC crosslinking, as it has
been reported that EDC crosslinked materials are subject to radioprotective effects during e-beam

irradiation (Seto et al., 2008).

The dose range study established that the minimum e-beam dose tested, 17 kGy, was effective
at maintaining the sterility of the aseptically fabricated implants. There was no bacterial growth on
the irradiated hydrogel samples after 14 days of immersion into bacterial growth medium, confirming

the ability of the samples to retain sterility.

The irradiated hydrogels did not show significantly different optical or mechanical properties
from unirradiated controls. The irradiated samples showed a difference in the rate of collagenase
degradation, suggesting that these implants could have an altered rate of remodeling within the
body after implantation. These observations are in keeping with the findings of Grimes et al. that
e-beam increases percent weight loss in ECM-based substrates (Grimes et al., 2005). The specific
biological effects of significant changes in collagenase degradation on the regeneration of the human

cornea grafted with an RHCITI-MPC matrix are unknown. As the goal of these implants is to act as
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a substrate for the complete remodeling of the cornea during the regenerative process, an irradiation
dose that may increase the rate of degradation of the RHCIII-MPC matrix may be unsuitable to
promote the formation of a cornea of appropriate thickness and mechanical strength; therefore, the

higher 19 and 21 kGy doses were excluded from further study.

The clinical study in rabbits using implants sterilized with 17 kGy established that there were no
significant differences in the long-term performance between irradiated and unirradiated implants
for any of the outcome measures studied. The differences in thickness between the implanted,
regenerated neo-corneas observed were non-significant and most likely due to growth of the un-
operated corneal as rabbits matured, compared to the catching-up required in the operated eyes.
Both classes of implants resulted in successful re-epithelialization, demonstrating that the irradiated
RHCIII-MPC matrix retained the critical biochemical or structural properties required to support
the attachment and migration of limbal epithelial stem cells from the periphery of the cornea over
the implant, and their subsequent stratification to re-establish a multilayered epithelium. The pres-
ence of differentiation markers, cytokeratins 3 and 12, plus mucin in the corneal explants, without
changes in intensity and thickness, indicates that the regenerated epithelium was fully differenti-
ated and could secrete mucin, i.e., was fully functional. Hence, the observed changes in collagenase
degradation profiles between the C-PBS and 17 kGy implants did not have a biological effect on
the ability of the implants to stimulate regeneration of a morphologically accurate and functional

epithelium.

Equivalent nerve counts confirmed functional innervation of the regenerated neo-corneas and
blink response in both grafts compared to unoperated controls. We also found that freezing of e-
beamed samples at -80°C did not result in a loss in the ability of RHCIII-MPC hydrogels to promote

regeneration of corneal epithelium, stroma and nerves.

E-beam irradiation has been used in the sterilization of commercially available ECM-based
biomaterials in clinical applications; including the artificial skin, Integra®, which is made from
collagen and glycosaminoglycans (Mattern et al., 2001). A dose of 20 kGy was used, but the
matrices were irradiated dry. A lower dose such as ISO 11137-2:2015 Method VDmax15, however,
is a validated dose that has been used for e-beam sterilization (International Standards Organization,
2012). In this study, a slightly higher dose of 17 kGy irradiation of RHCIII-MPC in PBS maintained
sterility of the implants whole preserving their ability to promote regeneration. In the future, the
verification of the safety and efficacy of this dose will allow for sterility validation following ISO

11137-2:2015 Method VDax15.
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In conclusion, we have shown that an e-beam dose of 17 kGy can be used to maintain the
sterility of aseptically fabricated RHCIII-MPC implants while preserving their critical optical, me-
chanical and chemical properties. Most importantly, the full regeneration-enabling functionality of
the implants was preserved. A full validation study of e-beam sterilization as a terminal sterilization

technique for RHCIII-MPC implants for clinical use is therefore merited.
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FIGURE LEGENDS

Figure 1. A-D) GFP-HCEC cells at day 4 of proliferation on irradiated and unirradiated implants
show confluence in all cultures. A) 17 kGy, B) 19 kGy, C) 21 kGy, D) Unirradiated (C-PBS). E-F)
Cytokeratin 3 staining of primary HCECs cultures on 17 kGy and C-PBS treated hydrogels. G)
Collagenase degradation of the e-beamed materials demonstrating that E-beam changes the rate but
not the extend of collagenase degradation of E-beamed RHCIII-MPC. H-I) Post-e-beam bioburden

measured in the storage media in the implants (H) and direct culture of the corneal implants (I).

Figure 2. RHCIII-MPC implants that had been sterilized with e-beam at 17 kGy irradiation in
phosphate-buffered saline (n=4) (A,E,I), irradiated and then stored frozen at -80°"“C after with-
drawal of saline (n=4) (B,F,J) or in phosphate buffered saline (PBS) containing 1% chloroform
(n=4) (C,G,K) after grafting into rabbit corneas in comparison to unoperated eyes (n=12) (D,H,L).
Slit lamp images at 6 months post-operation (E-H) and corresponding in vivo confocal microscopy
(IVCM) images at these times (I-L). The IVCM images were captured at a depth of 60 to 100 pm,

showing the regenerated neo-cornea stroma keratocytes and nerves (arrowheads).

Figure 3. Innervation, thickness and microscopy of the regenerated cornea. A) Number of
nerve fibers per central IVCM corneal scan in RHCIII-MPC implanted corneas at 6 months post-
implantation. B) Results of Cochet-Bonnet corneal aesthesiometry at 6 months after surgery. C)
Corneal thickness at 6 months post-implantation. D) Composite McDonald-Shadduck clinical score

at 6 months post-implantation.

Figure 4. Microscopy of sections from unoperated (n=12), unirradiated (n=4), and irradiated
eyes (n=4). (A-C) Hematoxylin- eosin staining; (D-F) Cytokeratin 3412 (green); (G-I)) FITC-
conjugated Ulex europaeus agglutinin (green), DAPI was used to stain the cell nuclei (pseudo-colored

blue).
SUPPLEMENTARY FIGURE LEGENDS

Figure S1. Bioburden reduction study of RHCIII-MPC implants irradiated at 17 kGy or stored in
C-PBS. (A,F) Initial bioburden of P. aeruginosa and S. aureus used to spike the implants. (B, C)
Storage media of implants spiked with P. aeruginosa resulted in the persistence of a single CFU.
(D,E) No growth was observed from the implants cultured<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>